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Preface 


Infertility, or involuntary childlessness, is customarily defined as the failure of a couple to conceive 

after 12 months of unprotected regular intercourse. It has been estimated that 10-15% of couples 
seek medical assistance for fertility evaluation, and the problem is apparently equally shared be- 
tween male and female partners. However, after extensive evaluation of both partners by routinely 
used tests and without physical or endocrine abnormalities, up to 30% of infertile couples remain 
childless devoid of identifiable causes—leading to a diagnosis of unexplained infertility. 

Potential etiologies of unexplained infertility include couples’ miscomprehension of the 
concept of the female fertile window, improper coital techniques, erectile dysfunction, and 
molecular and functional causes of male and female infertility. Interestingly, contemporary 
advanced technologies have demonstrated various ultrastructural, molecular and genetic etiol- 
ogies in male or female partners with unexplained infertility. Men with unexplained infertility 
typically have normal semen parameters with no demonstrable abnormalities in their history, 
physical or endocrinological examination. Possible underlying causes of unexplained male 
infertility include mainly immune, humoral or cellular sensitization against sperm, genetic 
defects, sperm dysfunction and fertilization incompetence. 

Even more interestingly, highly intricate testing methods provide a great deal of informa- 
tion about the potential contribution of female factors in UI. Cervical hostility, endometrial 
receptivity problems, fallopian tube dysfunction and oocyte quality may all weaken female 
fertility potential. Further, immunity against sperm, genetic causes, oxidative stress and subtle 
foci of endometriosis are some of the conditions that need to be evaluated in a patient with 
unexplained infertility, in order to understand the underlying cause(s) of unexplained infertil- 
ity. These conditions may serve as a guide in any future research plans to solve the infertility 
dilemma. 

This book introduces unexplained infertility, its definition and incidence in both males and 
females. The current use of the 2010 WHO guidelines in semen analysis has an impact on the 
diagnosis of unexplained infertility. The pathophysiological factors of this type of infertility 
include physical, immunological and genetic abnormalities. Factors that cause the develop- 
ment of oxidative stress and a variety of environmental factors have a role in the etiology of 
unexplained infertility. The management of unexplained infertility is complex, as its diagnosis 
was likely made by exclusion of various potential causes of infertility. Unexplained infertility 
may be managed through medications that may help normalize the endocrine profile or soothe 
immunological imbalances. Active interventions and the outcomes of each treatment modality 
are also considered. Couples dealing with a diagnosis of either male or female factor unex- 
plained infertility very often resort to assisted reproductive technology to achieve conception, 
and the outcomes of these interventions will be discussed. 

This textbook, the first of its kind, is intended to provide the reader with a thoughtful and 
comprehensive review of the clinical and scientific significance of unexplained infertility. 
We had invited leading, internationally recognized clinicians and basic scientists with exper- 
tise in male and female infertility to contribute their thoughts on these various aspects of 
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unexplained infertility. The experts from the various sub-specialties have contributed for this 

textbook. This book puts together information that serves as an invaluable tool both for the 

basic scientists with an interest in reproductive medicine and for clinicians working in the field 

of infertility (e.g., urologists, andrologists, gynaecologists and reproductive endocrinologists 

and embryologists). It is hoped that the topics discussed in this book serves to enlighten the 

readers regarding unexplained infertility and provide an in-depth perspective of this form of 
infertility. 

Glenn L. Schattman 

Sandro C. Esteves 

Ashok Agarwal 
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Part | 
Definitions and Epidemiology 


Definitions and Relevance 
of Unexplained Infertility 
in Reproductive Medicine 


Sandro C. Esteves, Glenn L. Schattman and Ashok Agarwal 


Infertility is customarily defined as the inability of a sexually 
active couple with no contraception to achieve natural preg- 
nancy within one year [1]. The American Society for Repro- 
ductive Medicine (ASRM) considers infertility as a disease, 
which by definition is “any deviation from or interruption of 
the normal structure or function of any part, organ, or system 
of the body as manifested by characteristic symptoms and 
signs; the etiology, pathology, and prognosis may be known 
or unknown” [2, 3]. 

It has been estimated that 15% of couples seek medical 
assistance for infertility, and the origins of the problem seem 
to be equally distributed between male and female partners 
[1]. Taking into account a global perspective and a world 
population of 7 billion people, these figures indicate that ap- 
proximately 140 million people (2.2 %) face infertility [4, 5]. 

Infertility depends at large on the age of the female part- 
ner. As such, the ASRM states that an early evaluation and 
treatment is warranted after 6 months for women aged 35 
years or older [3]. 

In men, about 8% seek medical assistance for fertility- 
related problems [6]. In its most updated version (2010) on 
“the optimal evaluation of the infertile male,” the American 
Urological Association (AUA) recommends that the initial 
screening should be done if pregnancy has not occurred 
within one year of unprotected intercourse, or earlier in cases 
of known male or female infertility risk factors [7]. Male 
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infertility can result from congenital or acquired urogenital 
abnormalities, urogenital tract infections, increased scrotal 
temperature such as a consequence of varicocele, endocrine 
disturbances, genetic abnormalities, immunological factors, 
lifestyle habits (e.g., obesity, smoking, and use of gonado- 
toxins), systemic diseases, erectile dysfunction, and incor- 
rect coital habitus. Unfortunately, owed to limitations in our 
understanding of the events that take place during natural 
conception, and in view of the crude diagnostic tests avail- 
able to identify potential abnormalities, the cause of infertil- 
ity is not determined in nearly half of the cases. Moreover, 
approximately 5% of couples remain unwillingly childless 
despite multiple interventions [1, 8, 9]. 

Infertility of unknown origin comprises both idiopathic 
and unexplained infertility. Men presenting with idiopathic 
infertility have no obvious history of fertility problems, and 
both physical examination and endocrine laboratory testing 
are normal. However, semen analysis as routinely performed 
reveals sperm abnormalities that come alone or in combi- 
nation. The reported prevalence of men with unexplained 
reduction of semen quality ranges from 30 to 40% [1, 10]. 

In contrast to idiopathic infertility, the term “unexplained 
infertility” is reserved for couples in whom routine semen 
analysis is within the reference values, and a definitive fe- 
male infertility factor has not been identified [11]. In females 
with unexplained infertility, no definitive abnormality can be 
identified, but a reduced fecundity potential may be suspect- 
ed in ovulatory woman with evidence of diminished ovarian 
reserve testing, including elevated follicle stimulating hor- 
mone (FSH) or low anti-Mullerian hormone (AMH) levels. 
In addition, direct evidence of diminished ovarian reserve 
can be determined by low antral follicle counts or lack of 
response to exogenous gonadotropins despite normal ovar- 
ian reserve testing. This category of ‘poor ovarian response 
(POR)’ or ‘diminished ovarian response (DOR)’ is difficult 
to define and the leading experts in the field were still unable 
to arrive at a conclusive definition [12]. 

The reported prevalence of unexplained infertility rang- 
es from 6 to 30% [1, 8, 9, 11, 13], and this highly variable 
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prevalence strongly depends on the criteria used for diagno- 
sis. In countries with limited resources for testing, it is likely 
that the prevalence of unexplained or unexplored infertility 
is increased [14]. Also, its prevalence is related to national or 
societies’ guidelines and infertility centers’ policies toward 
infertility evaluation. In a group of 2383 subfertile males 
attending one of the editors’ (SE) tertiary center for male 
reproduction, in which all male partners underwent a sys- 
tematic workup regardless of semen analyses results, 12.1% 
of the individuals were categorized as having infertility of 
unknown origin [9]. Depending on the method and criteria 
used for semen analysis, the percentage of men defined as 
“normal” will be variable. The AUA guidelines state that the 
initial evaluation for male infertility should include a repro- 
ductive history and two properly performed semen analyses, 
and that a full evaluation (which includes a throughout phys- 
ical examination and additional testing) is warranted in the 
following cases: (i) presence of abnormalities in the initial 
evaluation; (ii) presence of unexplained infertility; and (iii) 
presence of persistent infertility despite proper treatment of 
identified female factors. 

In contrast, the European Association of Urology (EAU) 
recommends that the male examination should be under- 
taken in individuals with abnormal semen analysis results 
[10]. According to the EAU guidelines on male infertility, a 
single seminal evaluation is sufficient if the semen analysis 
results are within the reference limits according to the World 
Health Organization (WHO) criteria. The EAU recommen- 
dations pose potential problems since semen analyses re- 
sults, as routinely performed, are limited in their validity as 
surrogates for the assessment of male fertility status [15, 16]. 
First, the prognostic value of semen characteristics, such as 
sperm concentration, percent motility, and morphology, as 
surrogate markers for male fertility is confounded in several 
ways; a man’s fertility potential is influenced by sexual ac- 
tivity, function of accessory sex glands, and other conditions. 
Second, routine semen analysis has its own limitations, and 
it does not account for sperm dysfunctions such as imma- 
ture chromatin or DNA damage. It is known that about 30% 
of men misdiagnosed as having unexplained male infertility 
have sperm deficiencies that can be solely identified using 
sperm functional tests, including DNA integrity, oxidative 
stress, and antisperm antibodies testing [17—19]. Third, it is 
erroneous to assume that a single ejaculate represents the 
seminal profile owed to the large variability of semen param- 
eters from the same individuals over different time periods. 
Results from at least two, preferably three, seminal analy- 
ses must be obtained before any statement is made regard- 
ing sperm production [20]. Finally, the criteria for normalcy, 
especially concerning sperm morphology, vary according to 
the edition of the WHO laboratory manual for the examina- 
tion and processing of human semen [21-24]. 
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These considerations highlight the shortcomings of the 
routine semen analysis. The male evaluation regarding fertil- 
ity must go far beyond counting spermatozoa and assessing 
motility and morphology. It has to be complemented with a 
proper clinical examination, a comprehensive history-taking, 
and relevant endocrine, genetic as well as other investigations. 
The goals of an andrological investigation are to identify po- 
tential life-threatening diseases and to treat reversible condi- 
tions, including poor lifestyle habits, subclinical infections, 
hormone disorders, and clinical varicocele, to cite a few. Nev- 
ertheless, it is still a matter of debate not only what is consid- 
ered a thorough evaluation, but also which tests are useful in 
the evaluation of couples with unexplained infertility. 

Potential etiologies of unexplained infertility (UI) en- 
compass a couple’s miscomprehension of the concept of the 
female fertile window, improper coital techniques, erectile 
dysfunction, and molecular and functional causes of male 
and female infertility. 

Altogether, these considerations form the backbone of 
this book, intended to unravel the mysteries of unexplained 
infertility. Modern insights on reproductive function are pro- 
vided, including a detailed appraisal of the conditions that 
affect reproductive health in both males and females. Further 
insight is contemplated into the treatment options, including 
expectant management as well as active interventions. The 
benefits of each intervention and its inherent risk are dis- 
cussed in detail, thus allowing appropriate patient counsel- 
ing. Our readers will find this book as the ultimate resource 
to unexplained infertility, and we recommend it not only to 
clinicians working in the field of infertility but also to every- 
one with an interest in reproductive medicine. 
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Definitions and Epidemiology 
of Unexplained Male Infertility 


Ahmet Gudeloglu, Jamin Brahmbhatt and Sijo Parekattil 


Introduction 


Infertility is defined as the inability to achieve a success- 
ful pregnancy after 12 months of unprotected intercourse or 
therapeutic donor insemination [1]. An estimated 15 % of the 
world population including 6 million couples in the USA are 
affected by infertility [2, 3]. A male factor is responsible in 
about 50% of infertility cases; it is the sole reason in about 
20% of the cases, and is a contributory factor in 30-40% of 
the cases [4]. 

After a thorough workup including history, physical ex- 
amination, semen analysis, and laboratory testing a clear 
cause for the infertility can be identified in only half the 
patients [5]. Table 2.1 lists the most commonly identified 
causes of male factor infertility [6]. When there is no iden- 
tifiable cause, the patients are categorized as having male 
infertility of unknown origin. This classification is further 
divided into idiopathic (IMI) versus unexplained (UMI). The 
prevalence of IMI is three times higher than UMI (33 % ver- 
sus 11%). Patients with IMI generally have normal physical 
examination and endocrine testing with a decrease in semen 
quality [7]. In contrast, patients with UMI will have a normal 
semen analysis. 

Beyond these basic tests the evaluation for UMI may 
include postcoital testing, motility assessment, and sperm 
function tests, including fertilization potential, reactive oxy- 
gen testing, and chromatin defects [7]. Based on the findings 
from these studies treatments can be recommended. In this 
chapter, we will continue to define and discuss the epidemi- 
ology and potential etiologies of UMI. 
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Table 2.1 Male infertility associated factors and percentage in 10,469 
patients. (Reprinted from Jungwirth A, Giwercman A, Tournaye H 
et al. European Association of Urology Guidelines on Male Infertil- 
ity: The 2012 Update. European Urology 2012; 62(2):324-32. With 
permission from Elsevier) 


Male infertility associated factor Percentage 
Idiopathic 31 
Maldescended testis 7.8 
Infection 8 
Disorders of semen deposition and sexual factors 5.9 
Systemic disease 3.1 
Varicocele 15.6 
Endocrine 8.9 
Immunologic 4.5 
Obstructions 1.7 
Other 5.5 


Semen Analysis 


Semen analysis is standard for the evaluation of male factor 
infertility. Approximately 40% of infertile men have normal 
semen analysis parameters [8]. The test is generally repeated 
if the first sample is abnormal. Tested parameters include 
semen volume, sperm concentration, total count, motility, 
and morphology [5]. All these parameters can reveal signifi- 
cant information about testicular and auxiliary gland func- 
tion and reproductive anatomy. In 2010, the World Health 
Organization (WHO) changed the standard values where the 
reference values were lowered based on a population study 
of fertile men from seven countries [9, 10]. It is recom- 
mended to use the WHO guidelines with caution for men 
who have normal semen quality because men can be infertile 
even though their sperm counts are above the lower limit of 
WHO criteria [11]. 

Low sperm concentrations are associated with low like- 
lihood of pregnancy but in contrast higher sperm concen- 
trations are not associated with increased likelihood of 
pregnancy [11]. Although semen analysis is critical in the 
evaluation of male factor infertility it rarely provides a di- 
agnosis [12]. Semen analysis can provide reasonably precise 
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prognosis only if the parameters are at extreme levels [12]. 
Spontaneous pregnancy rates in couples where the male had 
normal and abnormal sperm parameters have been 24 and 
23 %, respectively [8]. 

In UML, the semen analysis is generally normal and given 
the recent changes in the WHO classification more men are 
now placed into this category. In these men, specialized test- 
ing is undertaken since standard semen analysis does not take 
into account several steps of the fertilization process such as 
sperm transport, sperm interaction with the cervical mucus, 
and/or oocyte. In a small number of patients, these tests may 
assist in deciding treatment options. These tests can focus 
on immune disorders, sperm genetic defects, environmental 
factors, and fertilization defects. 


Immune Disorders 


Since sperm are produced after puberty they are at risk for an 
autoimmune response from the developed immune system. 
They remain protected by the testicular blood-testis barrier 
and secretion of immunosuppressive agents by macrophages 
and/or sertoli cells [13]. The barrier protects postmeiotic 
spermatocytes and mature germ cells in the adluminal com- 
partment [14]. However, spermatogonia and early spermato- 
cytes are not protected because they develop below this layer 
and depend on the secretion of immunosuppressive agents. 
These barriers can be destroyed after trauma, vasectomy, 
orchitis and/or epididymitis, varicocele, and spinal cord in- 
jury [15-21]. This then allows the formation of antisperm 
antibodies (ASA), which can be found outside the sperm on 
seminal plasma, cervical mucus, and follicular fluid. Sperm 
antibodies are polyclonal and can bind multiple sperm an- 
tigens. The presence of antibodies does not always lead to 
functional sperm impairment. 

Direct (detecting ASA on the sperm surface) and indirect 
(detecting ASA in the female genital tract or partners serum) 
testing can help identify ASA [22]. Both direct immunobead 
(D-IBT) and mixed antiglobulin reaction (MAR) tests show 
sperm bound ASA. Sperm immobilization test (SIT), tray ag- 
glutination test (TAT), gel agglutination test (GAT), enzyme- 
linked immunosorbent assay (ELISA), flow cytometry, and 
radioimmunoassay tests can indirectly measure ASA within 
seminal fluid, sperm extract, cervical mucus, and/or sera. 
Each of these tests has its advantages and disadvantages in 
terms of sensitivity, specificity, providing quantitative infor- 
mation, requirement of skilled staff, and cost [23]. 

The actual ASA prevalence is limited by the test utilized 
for detection. Analysis of serum (indirect) from 698 infer- 
tile couples revealed 31.1% of couples (16.5% of the men 
and 21.6% of the women) possessed at least one positive 
result for ASA [24]. In another study, serum from 186 men 
and 194 women and cervical mucus of 155 women and 
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semen of 202 men were evaluated with direct and indirect 
immunobead binding tests. ASA positivity was seen 11.1% 
(7% males and 4.1% females). Overall, 3.2% of cervical 
mucus and 10.4% of semen samples were also ASA posi- 
tive [25]. In a study evaluating 471 couples with direct test- 
ing using D-IBT, TAT, and GAT, 8.1 % of males and 3.1% 
of females were found to be ASA positive [26]. Busacca 
et al. demonstrated that 16.2% of the men and 7.3 % of the 
women in infertile couples had antibodies for sperm anti- 
gens [27]. 

Menge et al. found that the incidence of pregnancy was 
influenced significantly by the presence of circulating ASA 
in an infertile couple [24]. Prefertilization effects from ASA 
include sperm agglutination, sperm cytotoxicity, poor cervi- 
cal penetration, acrosome reaction, and poor oocyte binding 
[28, 29]. Sperm agglutination can impair motility and cervi- 
cal penetration and is higher in patients with the presence of 
ASA [30, 31]. ASA can also activate complement-mediated 
cellular lysis of the sperm [32]. A study comparing fertile 
nonautoimmune and infertile autoimmune men showed that 
sperm counts and motility were significantly lower in au- 
toimmune infertile men than their fertile controls [33]. The 
presence of autologous cytotoxic antibodies lowers motility 
and leads to decreased sperm survival [34]. ASA also leads 
to decreased sperm penetration into cervical mucosa [27, 35] 
and decreased capacitation by inhibiting the fluidity of the 
plasma membranes of human spermatozoa [36]. Acrosome 
reaction is another important phase of fertilization process 
and Bandoh et al. found the inhibition of this reaction by 
ASA [37]. Furthermore, inhibited sperm-zona pellucida 
binding has been suggested by Liu et al [38]. 

Postfertilization antibodies can affect the viability of the 
embryo. ASA against sperm-derived protein CS-1 may play 
a role in postfertilization embryo defects [39]. Witkin and 
David demonstrated ASA on female sera and ejaculated 
sperm can cause unsuccessful conception and first trimester 
abortion [40]. In another study, Mandelbaum et al. found sig- 
nificant levels of ASA in women with unexplained infertil- 
ity who had undergone in vitro fertilization/embryo transfer 
(IVF/ET) than women who had only tubal infertility [41]. All 
these studies suggest that ASA can cause infertility blocking 
different phases of fertility in the presence of normal semen 
parameters. 


Genetic Disorders 


Genetic disorders can lead to infertility by altering sper- 
matogenesis and/or sperm function. These disorders include 
karyotype abnormalities (both autosomal and/or sex chro- 
mosomal) and deletions or mutations of specific genes with- 
in various chromosomal loci. In a review of 9766 infertile 
men with azoospermia and/or oligozoospermia the incidence 
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of chromosomal abnormalities was 5.8 % (autosomal anom- 
alies 1.5% and sex chromosome anomalies 4.2 %) [42]. This 
incidence was significantly higher compared to the 0.38% 
(0.14% sex chromosomal and 0.25% autosomal) reported 
in routine newborn screens [43]. The incidence of karyotype 
anomalies is inversely proportional to sperm concentration 
and is therefore less than 1 % in patients with normal sperm 
count [44]. 

Polymerase gamma (POLG) is a key enzyme involved in 
the elongation and repair of mitochondrial DNA strands that 
encode for the POLG gene. Studies have shown an associa- 
tion between POLG gene polymorphisms and UMI [45, 46]. 
It has been demonstrated that polymorphism of this gene can 
decrease sperm oocyte penetration and fertilization when 
sperm parameters are normal [45, 46]. This information may 
prove beneficial when recommending infertile couples for 
assisted reproduction. 

Previous studies have shown that sperm DNA integrity 
has predictive value for both normal physiologic and assist- 
ed reproduction [47—49]. Protamine deficiency, oxidative 
stress, unrepaired DNA breaks during chromatin remodel- 
ing, abortive apoptosis during spermatogenesis, endogenous 
endonucleases, caspases, exogenous gonadotoxic agents, 
and the reactive oxygen species can cause DNA damage 
[50]. It has also been found that a negative correlation ex- 
ists between semen parameters and sperm with fragmented 
DNA [48]. In comparison, infertile men who have normal 
semen analysis may also have higher percentage of sperm 
DNA fragmentation. Saleh et al. demonstrated that 43 % of 
infertile men who have normal sperm parameters have high- 
er DNA fragmentation index then fertile counterparts [51]. 
Avendano et al. have demonstrated that the DNA fragmenta- 
tion in morphologically normal spermatozoa has a statisti- 
cally significant negative effect on embryo quality and preg- 
nancy outcome in intracytoplasmic sperm injection (ICSI) 
patients [49]. Therefore, the sperm DNA damage can be an- 
other responsible factor for UMI. Terminal deoxynucleotidyl 
transferase-mediated deoxyuridine triphosphate nick end la- 
beling (TUNEL), sperm chromatin structure assays (SCSA), 
and sperm chromatin dispersion (SCD) have been utilized to 
measure sperm DNA fragmentation. 


Environmental Factors 


Oxygen is essential in maintaining the lifecycle and is vital 
to several biochemical reactions. Reactive oxygen species 
(ROS) are free radicals that are derived from the metabolism 
of oxygen. Approximately 30 to 80% of infertile patients 
may have high levels of seminal ROS [52]. The term free 
radical is used to define molecules that contain an unpaired 
electron in their outer layer. These molecules are highly 
unstable and include superoxide (O, ), hydrogen peroxide 


(H,O,), and hydroxyl (OH ) radicals [52]. These molecules 
have an important role in the phagocytosis of microorgan- 
isms by neutrophils and macrophages. In order to protect 
the harmful effects of ROS, there are a variety of defense 
mechanisms, including enzymes (superoxide dismutase and 
catalase) and small molecules called antioxidants (vitamin 
E, C, and uric acid). Total antioxidant capacity (TAC) can 
be measured with enhanced chemiluminescence techniques 
[53]. Normally there is a balance between ROS and antioxi- 
dant system; distortion of this balance can cause excessive 
accumulation of ROS. Oxidative stress is used to describe 
this state of excess generation of ROS and diminished capac- 
ity of free radical scavenging by antioxidants [52]. 

Oxidative stress is a potential source for DNA fragmenta- 
tion as well as abortive apoptosis and deficiencies in DNA 
recombination and chromatin packing [54]. ROS-induced 
DNA damage can lead to apoptosis and resultant decrease 
in sperm counts. The significance of sperm DNA integrity in 
both physiologic and assisted reproduction has been demon- 
strated [47—50]. Host et al. demonstrated the negative cor- 
relation between disrupted DNA integrity and fertilization 
rates in men with UMI undergoing IVF treatment [55]. They 
suggest the measurement of DNA strand breaks in spermato- 
zoa in patients undergoing IVF with a history of unexplained 
infertility. 

It has been shown that ROS-mediated damage to the 
sperm plasma membrane can change the membrane fluidity 
through lipid peroxidation, which adversely affects sperm- 
zona interactions [56]. De Lamirande et al. also found that 
ROS can decrease sperm motility reducing ATP levels [57]. 
All these are factors that can affect potential fertility. 

Normal physiologic levels of ROS are needed for mat- 
uration, capacitation hyperactivation, acrosome reaction, 
and sperm—oocyte fusion [58]. Excessive levels of ROS are 
detrimental through lipid peroxidation, DNA damage, and 
apoptosis. It has been established that endogenous sources of 
ROS are leucocytes and immature or abnormal morphologic 
sperm [59, 60]. Henkel et al. found that leucocyte-derived 
(extrinsic) ROS negatively correlates with sperm concentra- 
tion and motile sperm count. They also found another nega- 
tive correlation between sperm-derived (intrinsic) ROS and 
motility and motile sperm count [61]. Increased ROS has 
been linked to smoking, alcohol, varicocele, and environ- 
mental factors such as radiation, heavy metals, and biologi- 
cal hazards [51, 62—65]. Therefore, a detailed patient history 
is essential when evaluating UMI. 

The association between oxidative stress and idiopathic 
male infertility is well demonstrated by Pasqualotto et al. 
They found higher ROS levels as well as lower TAC lev- 
els in idiopathic infertile men compared to the control group 
[66]. Oxidative stress is clearly associated with male fac- 
tor infertility by altering sperm quantity and quality, sperm 
function, and sperm—oocyte interaction [58, 66, 67]. It has 
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also been verified that higher ROS levels can reduce fertility 
capacity without altering sperm parameters [68]. Pasqualotto 
et al. reported higher level of ROS in normospermic infertile 
patients than normal healthy man. They also concluded that 
oxidative stress may explain previously unexplained infer- 
tility in men [68]. Shekarriz et al. showed 40% increased 
ROS formation in suspected subfertile men who had at least 
60 10°/ml sperm count [69]. In another study, 28 UMI 
patients with normal semen parameters compared with 30 
normal fertile controls had significantly higher ROS and 
fragmented DNA levels (79 and 89%) [70]. These studies 
suggest that ROS is one of the possible causes for UMI. 


Fertilization Defect 


Hyperactivation of the human spermatozoa during capacita- 
tion is associated with infertility [71-74]. Defects in capaci- 
tation and sperm mobility in males who have UMI are relat- 
ed to lower IVF rates [75]. Increased flagellar Ca*? through 
plasma membrane CatSper channels triggers sperm hyperac- 
tivation [76]. Mutations in the CatSper channel genes can be 
considered another potential cause in UMI [7, 77]. 

Another important process of fertilization is sperm—oo- 
cyte interaction and acrosome reaction in sperm after this 
interaction. Defective sperm-zona pellucida binding is found 
in 13 % of infertile men with normal semen parameters. This 
study also showed that 27% of these men have defective 
zona pellucida-induced acrosome reaction [78]. 


Conclusion 


Approximately half of infertility is secondary to a male fac- 
tor. Males with UMI have normal examination and semen 
parameters. The causes of UMI can be immunologic, genet- 
ic, structural, or environmental. A high index of suspicion 
needs to be present for these disorders to trigger further test- 
ing. 
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Controversies Surrounding the 2010 
World Health Organization Cutoff 

Values for Human Semen Character- 
istics and Its Impact on Unexplained 


Infertility 


Sandro C. Esteves 


Introduction 


The World Health Organization (WHO) periodically re- 
leases manuals for the laboratory examination and process- 
ing of human semen. While laboratories use these manuals 
as a practical guide of standardized methods for perform- 
ing semen analyses, clinicians rely on the reference of nor- 
mal limits for interpreting semen analysis results. The first 
manual, published in 1980, summarized the clinical expe- 
rience and research from the previous 80 years. In its sub- 
sequent updates in 1987, 1992, 1999, and 2010, the WHO 
manuals provided substantial improvements on how to as- 
sess the seminal parameters. The reference values that were 
thought to be compatible with normal male fertility have also 
changed (Table 3.1) [1-4]. 

In its latest fifth edition (WHO 2010), the semen analysis 
reference values are markedly lower than those of previous 
editions. Much debate has taken place thereafter, and a series 
of reports has questioned the validity of the newly released 
reference values [5—9]. 

In this chapter, I discuss the controversy surrounding the 
new 2010 WHO criteria for semen analyses. First, I point out 
the importance and limitations of the routine semen analysis 
in the workup of male infertility. Then, I present the 2010 
WHO cutoff values for human semen characteristics and 
how they compare with previous references. Third, I critical- 
ly discuss the methods used for generating these new limits 
and present our hypotheses to explain these lowered limits. 
Subsequently, I analyze the likely effect of the 2010 WHO 
cutoff values on the clinical management of men with unex- 
plained infertility. Finally, I propose a practical approach to 
report semen analysis results for those contemplating adopt- 
ing the 2010 WHO cutoff values for semen characteristics. 


S. C. Esteves (Dx) 

ANDROFERT, Andrology and Human Reproduction Clinic, Referral 
Center for Male Reproduction, Avenida Dr. Heitor Penteado 1464, 
Campinas, Sao Paulo, Brazil 

e-mail: s.esteves@androfert.com.br 


Importance and Limitations of Semen Analysis 
for Male Infertility Evaluation 


Semen analysis is the most widely used biomarker to predict 
the male fertility potential [10]. It provides information on 
the functional status of the seminiferous tubules, epididymis 
and accessory sex glands, and its results are often taken as a 
surrogate measure of a man’s ability to father a pregnancy. 
Routine semen analyses include: (a) physical characteristics 
of semen, including liquefaction, viscosity, pH, color, and 
odor; (b) specimen volume; (c) sperm concentration; (d) 
sperm motility and progression; (e) sperm morphology; (f) 
leukocyte quantification; and (g) fructose detection in cases 
where no spermatozoa are found and ejaculate volume is low 
[11]. 

Owed to its widespread availability, health care providers 
usually use semen analysis alone as the main marker to de- 
termine male partner referral for further investigation. How- 
ever, semen characteristics that discriminate between infer- 
tile and fertile men are not well defined and results are nor- 
mal in up to 40% of those suffering from infertility [12—14]. 

Not only sperm production varies widely in same men but 
also conventional semen analysis neither tests for the diverse 
array of biological properties spermatozoa express as an 
eminently specialized cell nor accounts for putative sperm 
dysfunctions such as immature chromatin or fragmented 
DNA. In addition, there is a wide variation on how laborato- 
ries perform semen analysis. In this section, I will continue 
to discuss the major drawbacks of semen analysis for male 
infertility evaluation. 
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Table 3.1 Cutoff reference values for semen characteristics as published in consecutive WHO manuals. (Esteves et al. [6], with permission from 


Excerpta Medica, Inc.) 


Semen WHO WHO WHO WHO WHO 
characteristics 1980 1987 1992 1999 2010° 
Volume (mL) ND >2 >2 >2 1.5 

Sperm count (106/mL) 20-200 >20 >20 >20 15 

Total sperm count (10°) ND >40 >40 >40 39 

Total motility (% motile) >60 >50 >50 >50 40 
Progressive motility? >2° >25% >25% (grade a) >25% (grade a) 32% (a+b) 
Vitality (% alive) ND >50 =75 >75 58 
Morphology (% normal forms) 80.5 >50 >30% (14)° 4f 
Leukocyte count (10°/mL) <4.7 <1.0 <1.0 <1.0 <1.0 


ND not defined 
è Lower reference limits generated from the lower fifth centile value 


> Grade a=rapid progressive motility (>25 m/s); grade b=slow/sluggish progressive motility (5-25 m/s); normal=50% motility (grades a+b) 


or 25% progressive motility (grade a) within 60 min of ejaculation 
€ Forward progression (scale 0-3) 

d Arbitrary value 

© Value not defined but strict criterion is suggested 

f Strict (Tygerberg) criterion 


Biological Intraindividual Variability of Semen 
Parameters 


The semen parameters from same individuals are highly 
variable. Many conditions including the duration of ejacu- 
latory abstinence, activity of the accessory sex glands, ana- 
lytical errors, and inherent biological variability account 
for such discrepancies [15-18]. In one study, the within- 
subject variability of 20 healthy subjects assessed over a 
10-week follow-up ranged from 10.3 to 26.8 % [15]. Sperm 
concentration showed the highest within-subject variation 
(26.8%), followed by morphology (19.6%) and progres- 
sive motility (15.2%) whereas vitality had the lowest vari- 
ation (10.3%). The utility of population-based reference 
values is related to the individual variability of a particu- 
lar analyte. Reference values of analytes with attributable 
individuality, including the ones routinely assessed in the 
semen, are generally of limited utility. It means that indi- 
vidual subjects could present results that were very unusual 
for them, and such results might have been accounted when 
establishing the reference thresholds. For the aforesaid rea- 
sons and other uncontrolled factors such as the regression 
toward the mean, it is impossible to take the results of a 
single-semen specimen as a surrogate for a man’s ability 
to father a child unless when at extreme low levels [19]. 
Regression toward the mean is the phenomenon in which 
a variable would tend to be closer to the average on a sec- 
ond measurement if it was extreme in its first measure- 
ment. This uncontrolled factor should be contemplated 
when designing studies involving semen analysis because 
following an extreme random event the next random event 
is less likely to be extreme. It has been shown that sperm 


concentration and motility were significantly higher in the 
second test in men with previous abnormal semen analyses 
results [20]. Regression toward the mean can be reduced 
in its magnitude by using means of multiple samples (two 
or three in the case of semen analysis). Hence, it is prudent 
that clinicians request at least two semen specimens fol- 
lowing 2-5 days of ejaculatory abstinence to allow a bet- 
ter understanding of the baseline semen quality status of a 
given individual [21-23]. 


Sperm Dysfunctions Not Tested in the Routine 
Semen Analysis 


Up to 30% of men with difficulties to father a child have 
no demonstrable abnormalities after an initial male infertil- 
ity workup. Additional tests have been developed to unravel 
functional disorders and other sperm abnormalities that can- 
not be identified by conventional semen analysis [11, 24]. 
Some of these tests include the hypo-osmotic swelling test, 
computer-assisted sperm analysis, antisperm antibody test, 
sperm penetration assay, hemizona assay, reactive oxygen 
species (ROS) tests, and sperm chromatin integrity test [25]. 
Despite being available, there are inherent difficulties to 
set up these tests including cost of equipment and technical 
complexity. In addition, their predictive value in assessing 
the male fertility status is either variable or unknown [26]. 
Not surprisingly, many couples with unexplained infertility 
choose assisted reproduction techniques (ART) because of 
their widespread availability and overall success irrespec- 
tive of the male infertility cause [27]. Yet, the assessment 
of sperm oxidative stress (OS) and DNA integrity has gained 
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clinical importance in recent years. OS, which is present 
anywhere from 30 to 80% in infertile men, is a result of the 
generation of ROS from contaminating leukocytes, defective 
sperm, and antioxidant depletion [28, 29]. ROS target sperm 
DNA molecules and ultimately affect the quality of the ge- 
netic material transmitted from the parents to the offspring. 
Damage to sperm DNA integrity can also result from apopto- 
sis during spermiogenesis, alterations in chromatin remodel- 
ing during spermiogenesis, as well as exposure to environ- 
mental toxicants and gonadotoxins such as chemotherapy 
and radiotherapy [30]. Abnormal levels of DNA damage are 
observed in approximately 5 and 25% of infertile men with 
normal and abnormal semen analysis, respectively [31-33]. 
Therefore, some authors propose that the assessment of both 
conditions might be included to the male infertility workup 
algorithm [34, 35]. 


Evidence of Poor Standardization in Semen 
Analysis Among Laboratories 


Accuracy, the degree to which the measurement reflects the 
true value, and precision, the reproducibility of the results, 
are vitally important for clinicians who rely upon the val- 
ues provided by the laboratory to direct the further work-up, 
diagnosis and counseling of the infertile male [36]. When 
both accuracy and precision are assured, the clinician is able 
to rely upon the semen analysis results to provide adequate 
counseling to the infertile couple. However, data from sur- 
veys of laboratory practice in the USA and the UK indicate 
that semen analysis techniques are still poorly standardized. 
Among 536 clinical laboratories in the USA only about 
60% reported abstinence and indicated the criteria adopted 
for sperm morphology assessments. Moreover, fewer than 
half of them performed quality control for commonly as- 
sessed parameters such as sperm counts, motility, and mor- 
phology [37]. A survey involving 37 laboratories in the 
UK about the methods used to assess sperm morphology 
revealed that only 5% complied with all WHO guidelines 
[38]. In the aforementioned study, participating laboratories 
had high interobserver variability when evaluating the same 
specimen. This data were corroborated by another study in 
which interlaboratory coefficient of variation was as high as 
34% for sperm concentration, 20% for total sperm motil- 
ity, 40% for sperm vitality, and 70% for sperm morphology 
(strict criterion) [39]. Discrepancies were also seen in labo- 
ratories enrolled in quality control programs, thus indicating 
that there is a need of global standardization among the labo- 
ratories and the providers of external quality control [40]. 
Owed to its complex nature, semen analysis should ideally 
be carried out in a dedicated andrology laboratory attired with 


experienced technicians, internal and external quality control, 
validation of test systems, quality assurance during all testing 
processes, and proper in place communication with clinicians 
and patients [41]. Despite being nonspecific for identifying 
male factor infertility etiologies, semen analysis is often the 
gateway test from which multiple expensive and often inva- 
sive treatments are based. Therefore, the importance of a reli- 
able andrology laboratory cannot be underestimated. 


The 2010 WHO Criteria for Semen Analysis 


The WHO department of reproductive health and research 
workgroup made important changes in the 2010 laboratory 
manual for the examination of human semen and sperm- 
cervical mucus interaction [4]. While the WHO workgroup 
reviewed and updated in great detail all the methods delin- 
eated in previous manuals, it incorporated new protocols and 
tests. One of its main features was the inclusion of new refer- 
ences ranges and limits that were markedly lower than those 
reported in previous manuals. 

Data characterizing the semen quality of fertile men 
provided the reference ranges for the manual [42]. For the 
first time, semen analysis results from recent fathers with 
known time-to-pregnancy (TTP), defined as months (or 
cycles) from stopping contraception to achieving a preg- 
nancy, were analyzed. Raw data obtained from five studies 
of seven countries on three continents were pooled then as- 
sessed [43—48]. Approximately 1900 men who had fathered 
a child within 1 year of trying to initiate a pregnancy pro- 
vided each one semen sample for sperm counts, motility, 
and volume assessments. Data on sperm morphology were 
extracted from four studies comprising approximately 1800 
men whereas sperm vitality, assessed by the eosin—nigrosin 
method, was obtained from approximately 400 men of two 
countries [43, 45, 47, 48]. The mean (+SD) male age was 
31 (+5) years (range 18—53) and only ten men were over 45 
years old. Participating laboratories practiced internal and 
external quality control and used standardized methods for 
semen analysis according to the WHO manual for the ex- 
amination of human semen current at the time of the origi- 
nal studies [42]. 

The 95% interval for sperm volume, count, motility, vi- 
tality, and morphology were generated and the one-sided 
lower reference limits (the fifth centile) proposed as the 
lower cutoff limits for normality [42]. It was then assumed 
that values below these limits would come from a different 
population. Of note, assessment of progressive motility ac- 
cording to grades, as recommended by the previous WHO 
manuals, was replaced by categorizing motile sperm as 
being “progressive” or “nonprogressive.” In addition, the 
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strict criterion for morphology assessment was incorporat- 
ed at last as the standard method. The lower limits of these 
distributions were lower than the values presented in previ- 
ous editions except for the total sperm number per ejaculate 
(Table 3.1) [1—4]. Leukocyte reference values (< 1 x 10°/mL) 
were not determined and remained the same as in previous 
manuals. 


Controversies Surrounding the Validity 
of the 2010 WHO Thresholds 


The lower reference limits in the 2010 WHO manual aimed 
to provide evidence-based thresholds that may aid clinicians 
in estimating the relative fertility of a given patient. Be- 
sides the aforesaid limitations of routine semen analysis in 
evaluating the male reproductive potential, methodological 
concerns arise from a careful examination of the studies that 
generated the current reference values. In a recent review, we 
critically analyzed these issues and concluded that it was un- 
sound to assume that the 2010 reference standards represent- 
ed the distribution of fertile men across the globe [6]. The 
group of studied men represented a limited population of 
individuals who live in large cities in the North hemisphere 
but for a small subset of men from Australia. Of note it was 
the absence of men from densely populated areas in Asia, 
Middle East, Latin America, and Africa, which represent the 
areas where most men live nowadays. This fact precludes the 
examination of regional and racial discrepancies that could 
account for semen quality variability. The selection criteria 
were arbitrary as stated by Cooper et al. “laboratories and 
data were identified through the known literature and per- 
sonal communication with investigators and the editorial 
group of the fifth edition of the WHO laboratory manual” 
[42]. Not surprisingly, there was a significant overlap of au- 
thorship in the included studies. In addition, a single-semen 
specimen of each man was included for the pooled analysis, 
thus limiting the appraisal of the already discussed large in- 
traindividual biological variability [6]. 

Some authors have claimed that the lowered 2010 WHO 
thresholds resulted from the declines in sperm count caused 
by endocrine disruptors and other environmental pollutants, 
such as insecticides and pesticides [49-51]. I, otherwise, 
conjecture that the observed discrepancies are likely to be 
associated with the patient selection criteria, the higher lab- 
oratory quality control standards and the methods used for 
semen assessment, such as the strict criterion for morphol- 
ogy determination. It means that methodology issues related 
to data generation might explain the discrepancies in the ref- 
erence thresholds among WHO guidelines. 

Collectively, these findings cast to doubt on the valid- 
ity of the proposed reference range and cutoff limits about 
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universally represent the distribution of semen results of fer- 
tile men. 


Effects of the 2010 WHO Criteria for Semen 
Analysis in the Management of Male Infertility 


Clinicians involved in the care of infertile couples still rely 
on the semen analyses results to determine a management 
plan. Abnormal semen parameters are taken into account not 
only to define male infertility but also to recommend fur- 
ther evaluation and treatment. One example is unexplained 
infertility which is based on the absence of female infertil- 
ity, and the presence of at least two normal semen analyses 
and no identifiable causes after a thorough work-up includ- 
ing history, physical examination, and endocrine laboratory 
testing [24]. The adoption of the new WHO reference values 
will likely lead to more men being classified as “fertile”, 
which is of particular importance for gynecologists who rely 
on semen analysis alone as a surrogate measure for male 
fertility. In a recent study, up to 15% of men with at least 
one parameter below the 1999 WHO reference values were 
reclassified as “normal” by having all parameters at or above 
the 2010 WHO thresholds [8]. We have also contemplated 
our own data involving 982 men seeking evaluation for in- 
fertility that had abnormal semen analysis results based on 
the 1990 WHO criteria. We found that approximately 39% 
of these men would be reclassified as “normal” by the new 
2010 criteria. Morphology itself accounted for over 50% of 
the reclassifications (unpublished data). Patient referral for 
evaluation could then be postponed or not undertaken if fer- 
tility status would be based on semen analyses alone. Albeit 
it is ambiguous yet whether this reclassification will lead 
to a more cost-effective evaluation, it is also possible that 
it could delay the definitive diagnosis and management of 
the infertile couple and lead to a more pronounced infertility 
condition with ageing. 

The current guidelines for male infertility evaluation 
also rely on the concept of semen abnormality for patient 
management. The American Urological Association (AUA) 
defines that the initial male evaluation should include a 
reproductive history and two properly performed semen 
analyses, and that an extended evaluation is warranted in 
the presence of semen abnormalities in the initial evalua- 
tion [52]. In contrast, the European Association of Urol- 
ogy (EAU) recommends undertaking a male examination 
in individuals with abnormal semen analysis results [53]. 
Surprisingly, a single seminal evaluation would then be 
sufficient if the semen analysis results were normal accord- 
ing to the EAU. These recommendations understate the 
limitations of the semen analysis results and do not discuss 
the paradigm shift that is likely to occur in referrals and 
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management on the face of the recent changes in the WHO 
reference thresholds. 

Similarly, the recommendation for treatment has also 
been based on the results of routine semen analysis. Cur- 
rent guidelines for varicocele propose that treatment should 
be offered to men with clinical varicoceles in the presence 
of abnormal semen analyses [54-57]. Application of the 
new WHO reference values might lead to patients earli- 
er deemed to be candidates for varicocele repair now be 
considered ineligible for treatment if their semen param- 
eters are above the fifth centile. This may create a situa- 
tion where health care providers might not reimburse treat- 
ment if semen parameters were above the new thresholds. 
As stated by Esteves et al. “the concern is that by denying 
these men a varicocele repair we may prevent them from 
achieving a substantial improvement in semen parameters 
and a greater chance of spontaneous pregnancy.” Of note, 
the most recent Practice Committee report on varicocele by 
the American Society for Reproductive Medicine (ASRM) 
has withdrawn the presence of an abnormal sperm func- 
tion test as an indication for varicocele treatment that had 
been listed in their document published in 2008 [57]. Yet, 
another example is sperm morphology results in which in- 
fertility specialists have relied on to recommend treatment 
modalities owed to their relationship with in vivo and in 
vitro fertilization [58]. The thresholds of sperm morphol- 
ogy (strict criteria; Tygerberg method) were lowered to 4% 
in the 2010 WHO criteria compared with 14% in the previ- 
ous 1999 standards [3, 4].Infertility specialists recommend 
intracytoplasmic sperm injection (ICSI) instead of conven- 
tional IVF or intrauterine insemination (IUI) on the face 
of morphology results of below 4% owed to the markedly 
lower pregnancy outcomes of these two treatment methods 
when using semen with low proportion of normal sperm 
[59, 60]. Interestingly, the distribution of semen analysis 
results of fertile men in centiles, as shown by the new WHO 
standards, clearly shows that though 5 % of the studied men 
had morphology values below the 4% cutoff point they still 
could initiate an unassisted pregnancy within 12 months of 
unprotected intercourse [6, 42]. 

In summary, these considerations raise the question on 
how the 2010 WHO references thresholds would affect 
the current male infertility practice. It should be noted, 
however, that reference values, as proposed by the WHO, 
merely represent the distribution of semen parameters of a 
limited group of recent fathers. Physicians treating infertile 
couples should exercise circumspection when interpreting 
the results of routine semen analysis. Semen analysis alone 
is only a tool among several others for determining clinical 
care. The male infertility evaluation must go far beyond a 
simple semen analysis, as it has to be complemented with 
a proper physical examination, a comprehensive history 


taking, and relevant endocrine, genetic, and other investiga- 
tions [10, 11]. 


A Modified Semen Analysis Report 


Semen analysis reports usually present the specimen data 
and include the cutoff limits as a reference for interpreta- 
tion [61]. Despite having updated to the 2010 WHO criteria, 
our andrology laboratory has changed the way results are re- 
ported. We have included the 95 % reference interval of the 
semen characteristics from recent fathers, as generated by 
the WHO workgroup, instead of only providing the lower 
reference limits. 

It might be clinically useful to determine in which centile 
the patient specimen fits in comparison with the reference 
standards instead of simply classify the specimen as “nor- 
mal” or “abnormal.” This approach is more realistic and cli- 
nicians would have a better understanding of the patient’s 
seminal profile by comparing the specimen results with the 
reference group. I propose that laboratories willing to adopt 
the 2010 WHO references include the full reference interval 
and I therefore offer my own andrology laboratory report as 
a template (Fig. 3.1). 


Conclusions 


The 2010 WHO semen analysis criteria are likely to have a 
significant effect on the management of male infertility, in- 
cluding reclassification of “normal” and “abnormal” semen 
analyses reports, deferment of patient referral for proper eval- 
uation, and recommendation for treatment. These new ref- 
erence limits were derived from a limited number of semen 
samples used to initiate natural conceptions. Albeit values 
below the thresholds may indicate a need for infertility treat- 
ment they cannot be used to determine the nature of that treat- 
ment. Several methodological shortcomings are associated 
with the new references standards that might explain why 
references were lowered in comparison with previous WHO 
guidelines. Semen parameters within the reference interval do 
not guarantee fertility nor do values outside those limits neces- 
sarily imply male infertility or pathology. Physicians treating 
infertile couples should exercise circumspection when inter- 
preting the results of routine semen analysis. Semen analysis 
alone is usually insufficient for the diagnosis because it does 
not account for sperm dysfunction, such as immature chroma- 
tin, OS and DNA damage. Semen quality must be interpreted 
within the context of the patient’s clinical information. The 
male infertility evaluation must go far beyond a simple semen 
analysis, as it has to be complemented with a proper physi- 
cal examination, a comprehensive history taking, and relevant 
endocrine, genetic, and other investigations. 
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Fig. 3.1 Modified semen analysis report template. The main difference 
from the routinely used templates is the inclusion of the “centile” distri- 
bution of semen characteristics from the reference population rather than 


solely the lower thresholds. The patient values (/eft column) are then 
compared with the reference limits thus aiding the clinician to appreciate 
how a given patient seminal profile fit within the “centile” distribution 
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Definitions and Epidemiology 
of Unexplained Female Infertility 


Luciano G. Nardo and Spyridon Chouliaras 


Introduction 


Infertility causes, according to the current consensus include 

anovulation, male factor, tubal factor, cervical factor, endo- 

metriosis and unexplained infertility (UD. UI is a diagnosis 
of exclusion [1]. Traditionally, the term has been used when 
the basic investigations such as tests for tubal patency, ovula- 

tion and semen analysis are all normal [2]. 

Moreover, there are two distinct categories of infertility: 
e Primary infertility, which is defined as infertility in a 

woman who has never had any pregnancies. 

e Secondary infertility, which is the inability to conceive 
after at least one pregnancy (regardless of whether this 
has resulted in a live birth or not). 

Therefore, UI should also be classified into unexplained pri- 

mary or secondary infertility. Unexplained female infertility 

should be a term used when the female reproductive system 
has been evaluated according to current agreed standards, 
and no abnormalities are detected. Male factor infertility 
should have been ruled out with at least two normal semen 
analyses and with no demonstrable physical or endocrine ab- 

normalities [3]. 

The latest opinion paper by the Practice Committee of the 
American Society for Reproductive Medicine (ASRM) pub- 
lished in 2012 [4] on the diagnostic evaluation of the infertile 
female, which replaces the 2006 document titled “Optimal 
evaluation of the infertile female” is a step forward towards 
understanding female infertility. 

Evaluation according to this document should include: 


. Detailed history and clinical examination 

. Assessment of ovulatory function 

. Measuring the ovarian reserve 

. Exclusion of abnormalities of uterine anatomy 
. Confirmation of tubal patency 
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6. Consideration of peritoneal factors (such as endometrio- 
sis). 


The post coital test for excluding cervical factor infertility is 
no longer recommended. This does not necessarily exclude a 
potential cervical factor such as aetiology for the infertility. 
It merely implies that our diagnostic ability to identify subtle 
defects in sperm—cervical mucousinteraction is limited. 

All the above investigations will be discussed in more de- 
tail in this book. This document though clearly demonstrates 
a shift away from the concept of using the term UI as an ‘um- 
brella’ term for all women with normal ovulation and tubal 
patency tests, to a more elaborate assessment of the female 
and the couple. The potential for creation of new infertility 
categories arises. 


Definition 


The necessity for an accurate and globally accepted defini- 
tion of UI, in both male and female, is undisputable. It is 
paramount for clinicians and healthcare providers alike in an 
era of increasing cost consciousness, to be able to monitor 
the incidence and prevalence of this condition in order to 
best understand how to investigate and treat the infertility 
efficiently. 

Defining UI is far from straightforward. One of the rea- 
sons is that there is an inherent disparity between the clini- 
cal, the epidemiological and the demographic version of the 
definitions of infertility. 

The differences correspond to: 

1. The measured endpoint: conception, clinical pregnancy 
or live birth. Demographers measured endpoint is live 
birth. Clinicians on the other hand are interested in all 
outcomes and the data presented in different studies can 
vary significantly making comparisons between them dif- 
ficult. 
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2. The time to endpoint: lack of conception for 12-24 
months is what is usually reported in most clinical and 
epidemiological definitions. 


In demographic studies of infertility, the data used are pri- 
marily based on Demographic Health Surveys (DHS) that 
contain complete birth reports but often scarce or poor 
data about miscarriages, terminations of pregnancies, in- 
trauterine deaths and no data on the female’s desire for 
pregnancy. Due to the inherent difficulty of assessing 

such data, longer periods of exposure are used (up to 7 

years). 

There are therefore numerous definitions of infertility in 
textbooks and other publications, and this fact on its own 
proves that it is an area where controversies still exist. This 
necessity for a generally accepted definition, and a consen- 
sus in that matter has been extensively argued [5-8]. One 
widely used definition of infertility is 1 year of unwanted 
non-conception with unprotected intercourse in the fertile 
phase of the menstrual cycles [9]. 

Another definition by Gnoth et al. describes infertility as 
failure to conceive after six cycles of unprotected intercourse 
irrespective of age [10]. 

The ASRM in 2008 also published a definition of infer- 
tility [11]. The document states that infertility is a disease, 
defined by the failure to achieve a successful pregnancy after 
12 months or more of regular unprotected intercourse. The 
female age at presentation is also taken into account, distin- 
guishing between those above and below the age of 35. The 
former category according to the ASRM warrants investiga- 
tions and treatment after 6 months of failure to conceive. The 
same may apply for younger women, when indicated by his- 
tory and clinical examination. 

In 2009, the International Committee for Monitoring As- 
sisted Reproductive Technology and the World Health Orga- 
nization, produced a similar definition [12]. 

The shift towards taking into account the female age when 
defining infertility was also advocated by Bhattacharya et al. 
[8], who suggested defining infertility based on the length of 
trying (or exposure to pregnancy) adjusted for female age. 
This, according to the authors, is a more clinically meaning- 
ful definition and is already used in everyday practice. 

The most up-to-date definition (2013) is a revised one by 
the ASRM [13], which replaced their 2008 definition: 


Infertility is a disease, defined by the failure to achieve a suc- 
cessful pregnancy after 12 months or more of appropriate, timed 
unprotected intercourse or therapeutic donor insemination. Ear- 
lier evaluation and treatment may be justified based on medical 
history and physical findings and is warranted after 6 months for 
women over age 35 years. 


It is an elaborate definition that has the potential to replace 
all the others. 
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On the other hand, it is debatable whether a universal 
definition of infertility is pragmatic. A global consensus be- 
tween fertility physicians may remain a utopia. 

When attempting to define UI, it is appropriate to define 
fecundity and childlessness in humans: 

e Fecundity is defined as the capacity of the female to pro- 
duce a live birth. 

e Childlessness is the condition of being without offspring, 
and can be the result of infertility, infecundity, and/or 
infant mortality. 

Once infertility has been ascertained, regardless of which 
definition one uses, the ‘diagnosis’ of unexplained female 
infertility is made when tubal patency and normal ovula- 
tory function are established in the presence of a normal 
semen analysis. By definition this would mean that all the 
appropriate tests have been performed. The interpretation 
of some of the diagnostic tests though is operator-depen- 
dant such as the tests for tubal patency. It is well known 
that the sensitivity of many diagnostics tests (i.e., contrast 
infusion ultrasound (Hycosy) and Hysterosalpingogram) 
is far from 100%, and the diagnosis of UI may vary de- 
pending on the individual performing or interpreting the 
results. 

Most importantly, there could be causes accounting for 
female infertility that are not recognised, either due to lack 
or omission of appropriate and accurate testing, or even due 
to investigating a clinician’s beliefs and personal experience. 
In addition, an aetiology may also be assigned by some phy- 
sicians with a bias towards specific diagnoses in the absence 
of objective evidence. 

Below is a brief list of potential causes of female infertil- 
ity that are generally thought to be associated with the “diag- 
nosis” of UI and frequently unexplored. 

1. Endometriosis 
Visible and non-visible or microscopic: even if a laparos- 
copy has been performed, the ability to identify the dis- 
ease remains operator-dependant. Moreover, the presence 
of disease may not be macroscopically visible even to the 
most experienced surgeons. 

2. Adenomyosis 
With the progress in imaging techniques and the non- 
invasive diagnosis of adenomyosis, new links between 
this condition and infertility are currently proposed and 
being investigated [14]. 

3. Congenital uterine abnormalities 
There is an increasing trend to investigate and treat such 
abnormalities like the septate uterus. They are thought to 
be associated with recurrent miscarriage and infertility. 
Three dimensional ultrasound scanning with or without 
contrast and MRI are currently the only non-invasive 
methods to diagnose congenital uterine abnormalities 
[15]. 
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4. Leiomyomata (fibroids) 

The presence of certain types of uterine leiomyomata 

(submucous, large intramural fibroids distorting anatomy, 

etc.) has been demonstrated to affect fertility, and surgical 

management is accepted as treatment of choice at least 
for submucous and possibly for large intramural fibroids 

close to or distorting the uterine cavity [16, 17]. 

5. Reduced ovarian reserve and advanced female age. 
6. Immunological factors 

Considerable controversy surrounds the significance of 

immunological factors and their impact on fertility, and 

there is significant interest in pursuing further research 
in this diagnosis by both physicians and patients. Future 
research may reveal novel links, which may be used to 
identify and treat certain infertile couples. 

7. Tubal factor 

Although tubal patency may be confirmed by standard 

tests, tubal function is more difficult to evaluate and may 

be compromised leading to reduced oocyte recovery from 
the ovary during ovulation or defective sperm/oocyte 
transport. 

8. Dietary and lifestyle causes [18]. 

9. Cervical factors. 

As already discussed, there is an ongoing debate regarding 

the potential role of cervical factors in “so called” UI. 

To conclude, the female partner of a couple suffering from 
UI should be extensively investigated according to the most 
up-to-date information with state-of-the-art testing. Only 
after such an evaluation has been performed and there has 
been no suggestion of pathology contributing to infertility 
should the “diagnosis” of UI be used. Some have even pro- 
posed that the term should be abandoned altogether as there 
is no place for such a diagnostic entity [19]. On the other 
hand, it has been suggested that the term is useful, both, from 
a clinical and practical perspective. The argument is that it 
may not be in the best interests of patients to undergo ex- 
tensive testing, which may also not be cost effective if the 
information is not going to alter the proposed treatment or 
affect the outcome [20]. 

The authors’ opinion is that the terminology should be 
preserved not only in an effort to provide clinical explana- 
tions for pathology, but also to provide focus for treatment 
regimens for individual patients. 

The healthcare provider should equally take into account 
the patients’ understanding and background as well as their 
emotions and psychological well-being. It can be extremely 
frustrating for the patient to be told that the reason for the 
infertility cannot be explained or the physician has failed to 
identify a diagnosis. Even where no specific targeted treat- 
ment is available, we believe that there is an advantage in 
providing the patient with a potential explanation to their 
problem. 
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A change in terminology will not only reduce the inci- 
dence of “UI” as a diagnosis, but will instigate more research 
into developing focused interventions driven forward by pa- 
tients’ demand. 

Suggested terms that have been widely advocated are id- 
iopathic infertility and undiagnosed infertility [19] in cases 
where after a “complete” evaluation, based on currently ac- 
cepted diagnostic tests and interpretations, there is still no 
diagnosis. 


Epidemiology 


Establishing that the prevalence of infertility has significant 
demographic as well as health implications. 

The incidence of truly unexplained female infertility is 
particularly difficult to elicit. One of the reasons and per- 
haps the most significant is that our current understanding 
of normal reproduction remains limited, and much of our 
understanding relies on animal research, the results of which 
may not be consistent with human reproduction. New infor- 
mation from both basic and clinical research is identified at 
a rapid pace and sometimes conflicts with our current think- 
ing. Another reason is the disagreement between researchers 
in the definition of the term itself leading to significant dif- 
ferences in study populations between studies. There is very 
little published data regarding the prevalence of unexplained 
female infertility as such, so we will approach the subject by 
mainly looking at epidemiological studies of UI in couples. 

When discussing the epidemiology of infertility, one 
would think that the prevalence would be different between 
the developed and the developing world. However, in the 
largest published review of its kind, the authors concluded 
that the prevalence of infertility is similar between more- 
and less-developed nations [21]. As the majority the world’s 
population lives in the developing world, we can presume 
that this is where most of the infertile couples live as well. It 
was also reported that there is little change in the global rates 
of infertility over the last 20 years [22]. 

The similarities in prevalence of infertility between the 
developed and developing world may be true, but the aeti- 
ology contributing to infertility may not be the same. It is 
obvious that the percentage of couples suffering with UI will 
depend on the extent to which they have been investigated. 
For a couple to be diagnosed with UI by definition, they need 
to first seek evaluation by a reproductive specialist. In the 
Western world, it is estimated that between 44 and 73% of 
infertile couples will present to a specialist for an evaluation 
[23-27]. In the study mentioned above by Boivin et al., the 
proportion of infertile couples living in the developed world 
who see a specialist varies between 27 and 74%. 
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The difference in the percentages of couples seeing a re- 
productive specialist and the factors that could affect the re- 
ported prevalence of UI are as follows: 

A. Economical 
Worldwide, there are extreme discrepancies in access 
to health care. Even in developed countries where 
state-of-the-art hospitals and treatment centres exist; 
access to these centres and the economic means of 
couples to undergo potentially expensive investigations 
can vary. Infertility investigations may be government 
funded in some countries, as for example in the UK. 

Therefore, women who present are investigated, irre- 

spective of whether funding for any potential fertility 

treatment is secured. However, the extent of the tests that 
the clinician can order may vary in different areas across 
this country. 

B. Religious 

Beliefs could direct whether the couple presents for 

investigations, whether certain tests are acceptable and 

can affect frequency or timing of coitus. 
C. Social 

Society’s perception of subfertility, expectations from 

relatives, sexual education, socially acceptable age and 

pattern of fecundability are all relevant. 
D. Geographical 

Limitations to the size of the family as is the practice in 

China, or the prevalence of STIs (sexually transmitted 

infections), which are more common in Africa, could be 

important factors affecting reproductive potential. 

UI accounts for 40% of female infertility [28] and 25 [1] to 
30% [29] of infertility overall. Different studies report dif- 
ferent findings depending on the selection criteria used [30, 
31]. The limitations of all these studies are more or less due 
to their retrospective design. The differences in diagnostic 
methods to evaluate the infertile couples and variable means 
of data collection make them very inhomogeneous. Women 
suffering from unexplained subfertility have both delayed 
and decreased fecundity with an average cycle fecundity re- 
ported between 2 and 4% per menstrual cycle [32, 33]. 

When discussing the prevalence of unexplained female 
infertility, stratification according to age groups should be 
discussed. A recent interesting study showed that the preva- 
lence of UI in women aged less than 35 years was 21%. 
However, in women over 35 years, this percentage rose to 
26% [34]. 

This concept of the parallel increase in UI with increas- 
ing chronological age of the female is widely recognised. 
Until now, though there is no such category as infertility due 
to “ovarian ageing” or “reproductive ageing”. With the in- 
creasing use of ovarian reserve tests, such as anti-Mullerian 
hormone (AMH) and antral follicle count (AFC), it is likely 
that in the future a new category of women will be character- 
ised as suffering from infertility related to decreased ovarian 
reserve and diminished oocyte quality. 
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Conclusions 


Investigating and treating couples who suffer from UI has 
been described as putting a “jig-saw” puzzle together [35]. 
Out of the clues of this puzzle, the ones relating to the fe- 
male partner appear to be more complex to investigate, and 
at the same time attract increased interest and opportunities 
for research into developing diagnostic tests and treatment 
options. The mystery of unexplained male infertility is start- 
ing to be unravelled and the factors that contribute to sperm 
dysfunction are being better understood [3]. It is our opinion 
that there will be some overlap between unexplained female 
and male infertility as new data and scientific discoveries 
come to light. Shedding light on these aetiologies will lead 
to better, more cost effective and less invasive treatments. 
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Part Il 
Pathophysiology: Male 


Sperm Biology from Production 


to Ejaculation 


Damayanthi Durairajanayagam, Anil K. Rengan, 
Rakesh K. Sharma and Ashok Agarwal 


Introduction to the Male Reproductive System 


The male reproductive system is a complex and intricate 
system that produces spermatozoa or sex cells to carry the 
genetic material of the male. The components of the male 
reproductive system include the hypothalamic—pituitary— 
gonadal (HPG) axis, and both the external and internal 
sexual organs. The male reproductive system forms during 
the early stages of embryonic development, becomes fertile 
during puberty and maintains the masculinity of the adult 
male. The external genitalia include the scrotum, testes, and 
penis whereas the internal genitalia include the epididymis, 
seminal ducts, spermatic cords, seminal vesicles, ejaculatory 
ducts, bulbourethral or Cowper’s glands, and the prostate 
gland. The testes produce the male gametes (spermatozoa). 
The excurrent duct system matures, stores, and transports the 
gametes to the penis for expulsion, and the accessory glands 
produce and modify the contents of the semen. 


The Scrotum and the Regulation of Testicular 
Temperature 


The testes are the only organs in the human body located 
externally. Each testis is individually housed in a sac-like 
structure called the scrotum. The temperature of the under- 
lying testes is reflected by the temperature of the scrotum. 
The process of spermatogenesis is optimal at temperatures 
24°C lower than that of core body temperature [1]. In order 
to maintain a hypothermic testis, the scrotum has several in- 
tegral properties that facilitate the dissipation of heat. These 
include thin scrotal skin, minimal subcutaneous fat, sparse 
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distribution of hair, and a large number of sweat glands. In 
addition, the scrotal skin hangs loose and wrinkled with a 
large, total surface area that adjusts according to the ambient 
temperature. 

The cremaster and dartos muscles in the testis also help 
to regulate testicular temperature. The cremaster muscle 
is a thin layer of skeletal muscle that surrounds each testis 
and spermatic cord. When this muscle contracts, the testes 
rise closer to the abdomen, keeping them warm when am- 
bient temperature is low. The dartos muscle is a thin layer 
of smooth muscle fiber beneath the scrotal skin. When con- 
tracted, the dartos muscle causes the exposed scrotal skin 
surface area to decrease and heat to be conserved. Converse- 
ly, when both these muscles are in a relaxed state, the testis 
hangs further from the abdomen, enveloped by the scrotal 
skin. This aids in keeping the temperature of the testes lower 
than that of the core body. Furthermore, rising external tem- 
peratures activate the cutaneous receptors on the scrotal skin 
to initiate sweat secretion and active heat loss through the 
evaporation of sweat [2]. 


The Testes 


The human testes are a pair of ovoid (ellipsoid) structures 
measuring approximately 4.5-5 cm in length by 2.5—4 cm 
in width and about 15—25 mL in volume (Fig. 5.1). The tu- 
nica albuginea, the outer capsule of the testes, is composed 
of a thick and flexible (though not stretchable) fibrous layer 
of connective tissue [3]. The parenchyma of the testis is di- 
vided by the septa (connective tissue) into 250-300 conical 
lobules. Each of these lobules consists of masses of highly 
convoluted seminiferous tubules. Both ends of the seminif- 
erous tubules connect at the hilus to form the rete testis [4]. 
The seminiferous tubules secrete fluid that flows into the rete 
testis to be collected and delivered to the excurrent ductal 
system of the epididymis [5]. 

Each testis is composed of two distinct compartments: 
(1) the tubular compartment that contains the seminifer- 
ous tubules and (2) the intertubular compartment that lies 
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Fig. 5.1 The human spermato- 
zoa, testis, and epididymis. To the 
left is a mature human sperma- 
tozoon showing the components 
that make up the head, midpiece } 
and fail sections. To the right is 

a view of the human testis and 
the seminiferous tubules, as well 
as the epididymis, showing the 
corpus (head) and caudal (tail) 
sections. (Reprinted with permis- 
sion, Cleveland Clinic Center for g 
Medical Art & Photography © 

2010-2013. All rights reserved.) 
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between the seminiferous tubules and contains the interstitial 
tissue. Each of these compartments is anatomically separate 
but remains closely linked together. Within the seminiferous 
tubules are the spermatogonial germ and Sertoli cells. The 
Sertoli cells provide a hormonally active environment for the 
evolution of primitive germ cells into mature male gametes 
or spermatozoa. 

The bulk (90%) of the testicular volume is made up of 
the seminiferous tubules and the germ cells that lie within 
the invaginations of the Sertoli cells, which make up the 
germinal epithelium. The seminiferous tubules also consist 
of peritubular tissue or lamina propria [6]. The peritubular 
tissue contains myofibroblasts that cause peristaltic contrac- 
tions of the seminiferous tubules. This movement helps to 
transport the developing, immotile germ cells to the rete 
testis [7]. The intertubular spaces within the lobules contain 
clusters of Leydig or interstitial cells that make up the en- 
docrine portion of the testis. The interstitial tissue consists 
primarily of blood and lymph vessels, nerve and collagenous 
fibers, macrophages, and a variety of connective tissue cells. 
The spermatogenic process is dependent on intra- and extra- 
testicular hormonal regulatory processes, the functions of the 
intertubular microvasculature, Leydig cells, and other cel- 
lular components in the interstitium (intertubular space) [8]. 

The testis is responsible for synthesizing (steroidogen- 
esis) and secreting androgens (i.e., testosterone), which is 
directly interrelated to its second function, producing sper- 
matozoa (spermatogenesis). These functions are under hor- 
monal control via the pituitary gonadotropins—luteinizing 
hormone (LH), and follicle-stimulating hormone (FSH). 


Hormonal Control of Spermatogenesis 
(Extrinsic Influences) 


The hormonal regulation of spermatogenesis is under the 
control of the hypothalamus—pituitary—gonadal (HPG) axis. 
This axis begins as the higher center sends signals to the hy- 
pothalamus, which acts as the integrating center. The hypo- 
thalamus releases gonadotropin releasing hormone (GnRH) 
in discrete pulses that peak every 1.5 h. GnRH acts on the 
anterior pituitary to stimulate gonadotropin production (LH 
and FSH). A continuous production of GnRH will cause go- 
nadotrophin desensitization, which will diminish LH and 
FSH release. LH is released in a similar pulsatile pattern to 
that of GnRH while FSH release is influenced by inhibin. LH 
and FSH act on the testes to produce testosterone and inhib- 
in, respectively. LH acts on the Leydig cells in the testes to 
stimulate testosterone production through the conversion of 
cholesterol. When testosterone levels accumulate, it exerts a 
negative feedback effect at the pituitary (short loop) to sup- 
press the release of LH and at the hypothalamus (long loop), 
which ultimately suppresses GnRH production and thereby 
regulates testosterone levels. FSH acts on the Sertoli cells to 
stimulate inhibin and androgen-binding protein (ABP) secre- 
tion. Accumulating inhibin levels exert a negative feedback 
effect at the pituitary to suppress FSH release, thereby regu- 
lating inhibin levels. 

FSH is required at the onset of puberty to initiate sper- 
matogenesis as its action on Sertoli cells is necessary for 
germ cell maturation. Testosterone is essential for maintain- 
ing the spermatogenic process. Its actions are facilitated by 
the Sertoli cells. Spermatocytes have ABP receptors but not 


5 Sperm Biology from Production to Ejaculation 


androgen receptors whereas the Sertoli cells have androgen 
receptors. The binding of ABP to testosterone may assist tes- 
tosterone movement toward the lumen of the seminiferous 
tubule onwards to the epididymis. FSH also induces the con- 
version of testosterone to Sa-dihydrotestosterone (Sa-DHT) 
and 17-estradiol. 5a-DHT is more active than testosterone 
and along with 17B-estradiol, is involved in the development 
and function of the penis, scrotum, accessory sex glands, 
secondary sex characteristics, libido and potency. 


Leydig Cells 


Leydig cells are embedded in groups that surround the con- 
nective tissue between seminiferous tubules in the testicle. 
These endocrine cells are the principal source of testoster- 
one, the production of which is stimulated by LH (Table 5.1). 
In adults, testosterone in circulation is kept within the physi- 
ological range of 300-1200 ng/dL while intratesticular levels 
of testosterone are far higher. In the testes, testosterone levels 
are highest at the basement membrane of the seminiferous 
tubules. 


Testosterone 


Testosterone, the major male androgen in circulation and in 
the Leydig cells, is responsible for primary and secondary 
sex characteristics. It is synthesized from cholesterol in the 
Leydig cells. Primary sex characteristics are structures re- 
sponsible for promoting the development, preservation, and 
delivery of sperm cells while secondary sex characteristics 
are structures and behavioral features that externally differ- 
entiate men from women. 


Sertoli Cells 


Sertoli cells, also known as sustentacular or nurse cells, are 
highly specialized cells that regulate the development of 
spermatogonia into spermatozoa (Table 5.1). They originate 
from the tubular basement membrane and extend up toward 


Table 5.1 Functions of the Leydig and Sertoli cells 
Functions of the Leydig cells 

Initiation and maintenance of spermatogenesis 
Activation of the hypothalamus-—pituitary—gonadal axis 


Production of testosterone—manifestation of male secondary sex 
characteristics 


Differentiation of male genital organs 
Masculinization of the brain and sexual behavior 
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the lumen of the seminiferous tubules. The basement mem- 
brane acts as a barrier that prevents large molecules in the in- 
terstitial fluid from entering the tubule but allows the entry of 
testosterone. Sertoli cells provide sustenance for developing 
spermatogonia and are involved in germ cell phagocytosis. 
The formation of lipid droplets in Sertoli cells is associat- 
ed with this phagocytosis [9]. The number of lipid droplets 
found in Sertoli cells increases as the testes advance in age 
[10]. They also produce and secrete anti-Millerian hormone 
(AMR), inhibin, activin, growth factors, enzymes, and ABP. 
AMH is involved in embryonic development and contrib- 
utes to the regression of Miillerian ducts. Inhibin, another 
hormone, helps to regulate FSH secretion from the anterior 
pituitary. When FSH binds to high-affinity FSH receptors on 
the Sertoli cells, ABP is secreted (by Sertoli cells) into the 
lumen of the seminiferous tubule, where it binds to testos- 
terone (secreted by Leydig cells). This causes testosterone 
to become less lipophilic and more concentrated within the 
luminal fluid. 

Neighboring Sertoli cells have membrane specializations 
at the basolateral side that forms a band, sealing the cells to- 
gether and forming a tight junction. The blood—testis barrier 
prevents molecules in the blood from moving past the tight 
junctions toward the lumen of the seminiferous tubules. This 
ensures that the germ cells in the later stages of development 
remain inaccessible to any harmful molecules in circulation. 


The Blood-Testis Barrier 


In the mammalian testes, the blood-testis barrier is com- 
posed of specialized junctions that are tightly bound between 
adjacent Sertoli cells in the epithelium of the seminiferous 
tubule. This barrier is also known as the Sertoli cell seminif- 
erous epithelium barrier. The strong intercellular junctional 
complexes that link two adjacent Sertoli cells in the tubule 
form an additional barrier between the tubular lumen and the 
interstitial fluid outside the tubule. This divides the seminif- 
erous tubule space into two parts: the basal (basement mem- 
brane) compartment that is in contact with blood and lymph 
vessels and the adluminal (lumen) compartment that is iso- 
lated from these fluids. The blood and lymph vessels and 


Functions of the Sertoli cells 
Maintains the integrity of seminiferous tubules epithelium 
Secretion of hormones—inhibin and androgen-binding protein (ABP) 


Secretes tubular fluid into the tubular lumen for transport of sperm within 
the duct 


Delivery of nutrients to germ cells 
Steroidogenesis and steroid metabolism 


— Aids in process of phagocytosis and elimination of cytoplasm 


— Regulates the spermatogenic cycle 


— Acts as a hormonal target for LH, FSH, and testosterone 
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nerves are located in the interstitium between the tubules and 
do not penetrate the seminiferous tubules [11]. The Sertoli 
cells are surrounded by closely aligned myoid or peritubular 
cells. These arrangements collectively form the blood-testis 
barrier, which provides an immunologically privileged site 
for spermatogenesis to thrive. 

The fluid found in the tubular compartment of the testes 
differs from that in found in the interstitium as the former 
contains low concentrations of glucose and high concentra- 
tions of potassium ions and steroid hormones. The tight junc- 
tions of the blood-testis barrier break and reform around the 
migrating cells to ensure that the barrier remains intact. 


Intrinsic Regulation 


The process of spermatogenesis is also regulated indepen- 
dently from within the testis. The Leydig cells secrete (1) 
testosterone, (2) neuroendocrine substances that serve as 
neurotransmitters, and (3) growth factors for neighboring 
Leydig cells, blood vessels, lamina propria of the seminif- 
erous tubules, and Sertoli cells [12-14]. Leydig cells also 
contribute toward the nutrition of the Sertoli cells and help to 
regulate blood flow in the intertubular microvasculature [3]. 
The cells of the peritubular tissue influence myofibroblast 
contractility and regulate spermatozoa transportation via 
peristaltic movements of the seminiferous tubules. The Ser- 
toli cells deliver different growth factors, and various germ 
cells participate in the development and regulation of other 
germ cells. 


Spermatogenesis 


Spermatogenesis is an extremely intricate process of cell 
differentiation, starting with germ cell (spermatogonia) 
development and culminating in the production of highly 
specialized spermatozoa. This process produces the genetic 
material required for species replication. Spermatogenesis 
occurs in the lumen of the seminiferous tubules. It was clas- 
sically believed that human spermatogenesis takes about 64 
days in the testis (from spermatogonium to spermatid) with 
an additional 10-14 days in the epididymis for maturation of 
spermatozoa. Thus, the entire process took about 70+4 days 
to complete [15]. However, a more recent report suggests 
that the entire process from production to ejaculation of sper- 
matozoa is completed within a shorter period: an average of 
648 days (with a range of 42-76 days) [16]. Spermatogen- 
esis begins at puberty and occurs continually throughout the 
entire male adult life span in contrast to oogenesis, which 
is finite in women. The baseline number of precursor cells 
in the testes is regulated by FSH. Early in embryonic de- 
velopment, the gonocytes, which precede the formation of 
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spermatogonial germ cells, undergo active mitotic replica- 
tion [17]. 

Spermatogenesis involves a series of cellular events that 
begin in the basal compartment and end in the apical com- 
partment. The basal and the luminal compartments are kept 
separate by tight junctions. In the seminiferous tubules, the 
developing cells are arranged in a highly ordered sequence 
from the basement membrane toward the lumen (Fig. 5.2). 
Spermatogonia are positioned directly on the basement mem- 
brane. Primary spermatocytes, secondary spermatocytes, 
and spermatids lie closest to the lumen. Spermatogonia and 
primary spermatocytes are found in the basal compartment 
whereas secondary spermatocytes and spermatids are found 
in the adluminal compartment. 

During spermatogenesis, two events occur in the basal 
compartment outside the blood-testis barrier: (1) the re- 
newal and proliferation of spermatogonia via mitosis and 
differentiation and (2) the cell cycle progression from type B 
spermatogonia to preleptotene spermatocytes. The following 
three events occur in the adluminal or apical compartment 
behind the blood-testis barrier: (1) the cell cycle progression 
from zygotene to pachytene and then to diplotene spermato- 
cytes, followed by meiosis I and meiosis II; (2) spermiogen- 
esis, during which the round spermatids develop into elon- 
gated spermatids and eventually spermatozoa; and finally 
(3) spermiation, which involves spermatozoa maturation and 
subsequent release into the lumen (Table 5.2). 

The following is an overview of the spermatogenic 
events. First, the primary spermatocytes undergo two mei- 
otic divisions. The first division gives rise to two haploid 
secondary spermatocytes, which is followed by the second 
division, which gives rise to four haploid spermatids (1n, 23 
chromosomes). Two of these spermatids carry the X mater- 
nal chromosome while the other two spermatids carry the 
Y paternal chromosome. Each spermatid will subsequently 
undergo spermiogenesis, a metamorphosis into spermato- 
zoa. The spermatozoa are then released into the lumen of the 
seminiferous tubule (Fig. 5.3). 


Spermatogoniogenesis 


Spermatogonia are a population of long-living primordial 
germ cells that undergo mitosis to provide a renewing stem 
cell population and meiosis for spermatozoa production. 
Germ cells are named according to their morphological ap- 
pearance and can be categorized into two classes: Type A and 
Type B. In humans, Type A cells, the most rudimentary of 
cells, can be further classified as “pale Type A (A,)” and “dark 
Type A (Ag)” spermatogonia. A, spermatogonia can divide 
mitotically into more A, cells or Type B spermatogonia. Type 
A spermatogonia comprise the stem cell pool whereas Type B 
spermatogonia continue to develop into spermatids. 
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Fig. 5.2 Seminiferous tubule. 

A cross section of the germinal 
epithelium in the seminiferous 
tubule. The germinal epithelium 
is divided by the Sertoli cell into 
two compartments, i.e., the basal 
and adluminal compartments. 
Fully formed spermatozoa are re- 
leased into the lumen. (Reprinted 
with permission, Cleveland Clinic 
Center for Medical Art & Pho- 
tography © 2010-2013. All rights 
reserved.) 


Table 5.2 Terminology in spermatogenesis 


Process Description 

Spermatogoniogenesis Process of producing spermatogonia through multiple mitoses to amass a large population of stem cells, most of 
which undergo meiosis to produce spermatozoa 

Spermatogenesis Process of differentiation of a spermatogonium into a spermatid 
Purpose: to produce (via mitosis and meiosis) the necessary genetic material for species replication 

Spermatocytogenesis Process of producing spermatocytes that occurs in the basal compartment of the seminiferous tubules 

Spermiogenesis A complex metamorphosis that transforms round spermatids (from the final division of meiosis) into a complex 
structure spermatozoon 

Spermiation Process whereby a mature spermatid frees itself from the Sertoli cell and enters the tubular lumen 


A, spermatogonia remain attached to the basal mem- cells seldom divide, potentially serving as a dormant reserve 
brane and continue to replenish its numbers, allowing the or nonproliferative stem cells that give rise to A, spermato- 
spermatogenic process to persist despite the aging process. gonia [15]. 

Spermatogonia continuously increase in number via succes- Type B spermatogonia have more chromatin within the 
sive, but usually incomplete, mitosis. On the other hand, A, inner nuclear envelope than to the intermediate or type A 
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Fig. 5.3 Spermatogenesis. Major 


events in the life of a sperm Major Events in the 
involving spermatogenesis, i 
spermiogenesis, and spermia- Life of a Sperm 


tion. (Reprinted with permission, 
Cleveland Clinic Center for à 
Medical Art & Photography © + Spermatogenesis 
2010-2013. All rights reserved.) » Mitosis 


» Meiosis 

» Spermiogenesis 

» Head 

» Midpiece 

» Tail 

» Capacitation 

» Lifespan of a spermatozoa 

» Puberty through life 

» 30 x 106 per day 

» 60 to 75 days for sperm 
production 

» 10 to 14 days transport 
(epididymis) 

» 20 to 100 million per 
milliliter of ejaculate 


spermatogonia. Type B spermatogonia divide mitotically 
to produce primary spermatocytes, operating as differential 
precursors to the preleptotene spermatocytes. Spermatogo- 
nia remain joined by intercellular bridges but dissolve in the 
advanced phases of spermatid development. The synchrony 
of germ cell maturation is thus maintained [18], which is 
likely to aid in its biochemical interactions. 


Spermatocytogenesis 


Spermatocytogenesis involves the formation of spermato- 
cytes and takes place in the basal compartment of the 
seminiferous tubule. The process begins with the primary 
spermatocytes undergoing meiosis I to form secondary sper- 
matocytes. The prophase of the first meiotic division is very 
long and thus, the primary spermatocyte has the longest 
lifespan. Secondary spermatocytes then undergo the meiosis 
II to produce spermatids. Secondary spermatocytes have a 
comparably shorter lifespan of 1.1—1.7 days. 
Spermatogenesis, from spermatogonium division to 
spermatozoa release into the tubule, takes about 64 days to 
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complete. Sperm released into the lumen of the seminiferous 
tubules are immature and incapable of moving on their own. 
They are pushed through the lumen both by other developing 
sperm cells moving toward the lumen and by the bulk flow 
of fluid secreted by Sertoli cells. Sperm cells entering the 
epididymis complete maturation after 10—14 days of transit, 
aided by protein secretions from epididymal cells. 


Disruption of Spermatogenesis 


Type A spermatogonia are necessary for spermatogenesis, 
and in cases of reduced spermatogenesis, it is likely that 
Ag spermatogonia are absent [8]. When Type A or Type B 
spermatogonia are absent and the germinal epithelium is 
made up only of Sertoli cells, then spermatogenesis will 
not occur. This “Sertoli Cell Only Syndrome” may be 
congenital (absence of spermatogonia from birth) or ac- 
quired (spermatogonia destroyed by exposure to radiation, 
etc.). Spermatogenic arrest at the spermatogonial stage oc- 
curs when A, spermatogonia fail to develop into Type B 
spermatogonia [19]. 
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Mitosis (Cytodifferentiation of Spermatids) 


Mitosis involves nuclear division and separation of dupli- 
cated chromosomes to form two daughter cells with genetic 
content exactly identical to its parent cell (diploid, n=46). 
Mitosis is vital for proliferation and maintenance of sper- 
matogonial cells. Meiosis involves an intricate series of 
events that encompass the duplication of chromosomes, 
nuclear envelope breakdown, and equal division of chro- 
mosomes and cytoplasm that leads to the formation of two 
daughter cells. Specific regulatory proteins interact on DNA 
loop domains during cellular replication [20, 21]. The germ 
cells involved in the mitotic phase are the Type A spermato- 
gonia, which first form the Type B spermatogonia and later 
the primary spermatocytes. Through a series of mitotic divi- 
sions, developing germ cells, which are interconnected by 
intracellular bridges, produce primary spermatocytes—the 
largest germ cell of the germinal epithelium. The base- 
line number of spermatogonia is established after puberty. 
Mitosis then supplies the precursor cells and initiates the dif- 
ferentiation and maturation processes. 


Meiosis 


Meiosis is a complex process during which chromosomal 
exchange of genetic material occurs to form four daughter 
cells with half the number of chromosomes (haploid, n=23) 
compared to their parent cells. The purpose of meiosis is 
to ensure genetic diversity. The germ cells involved in the 
meiotic phase are the primary spermatocytes, secondary 
spermatocytes, and spermatids. Meiosis occurs twice in suc- 
cession as meiosis I and meiosis II; each meiotic process 
consists of prophase, metaphase, anaphase, and telophase. 
Prophase itself is made up of four stages: leptotene, zygo- 
tene, pachytene, and diplotene. Leptotene takes place in the 
basal compartment while the remaining three take place in 
the adluminal compartment. Meiosis I is the reducing divi- 
sion in which the number of chromosomes are halved (i.e., 
the replicated chromosomes in one cell is split between two 
diploid cells). Meiosis II is the division in which there is no 
DNA replication and the sister chromatids are split, resulting 
in four halpoid cells. 

The meiotic process is regulated by its own specific 
mechanisms [22]. In the seminiferous tubules, meiosis be- 
gins with the detachment of Type B spermatogonia from the 
basement membrane to form preleptotene primary spermato- 
cytes. In theory, each primary spermatocyte yields four sper- 
matids, but the actual yield is lower as some of these germ 
cells are lost in the process. After meiosis I, each daughter 
cell (secondary spermatocyte) contains one half of the ho- 
mologous chromosome pair. The secondary spermatocytes 
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then quickly undergo meiosis II, during which time the chro- 
matids separate at the centromere, yielding early round sper- 
matids with haploid chromosomes “22X” or “22Y.” During 
the entire meiotic phase, homologous chromosomes pair up, 
cross over, and exchange genetical material to form an en- 
tirely new genome. Defects during meiosis include apoptotic 
spermatocytes and spermatogenic arrest of primary sper- 
matocytes. These germ cells bordering the seminiferous tu- 
bules cease to develop further and disintegrate [8]. 


Spermiogenesis 


In spermiogenesis, haploid spermatids undergo complete 
differentiation or morphogenesis to form highly specialized 
spermatozoa with fully compacted chromatin. These mor- 
phological changes begin after meioses I and I. In humans, 
there are eight different stages (S31; S.5, Sp.1, Sp-2> So-19¢.2 
Sqand S42) involved in the maturation of spermatids 
to spermatozoa. Each stage is identifiable by the matur- 
ing cell’s morphological characteristics. In the postmeiotic 
phase, there is progressive condensation of the nuclear chro- 
matin (to about 1/10 the volume of an immature spermatid) 
with the inactivation of the genome. In addition, the Golgi 
apparatus forms the acrosome cap, and the flagellum struc- 
tures begin to develop [8]. Histones—alkaline proteins that 
condense the DNA—are converted into transitional proteins, 
and protamines are converted into well-developed disulfide 
bonds. Defects during spermiogenesis include acrosomal 
and flagellar defects, absence of the acrosome or the mid- 
peice of the flagellum, and impaired nuclear condensation in 
malformed spermatids [8]. 


Nuclear Development 


The nucleus and its contents undergo several changes dur- 
ing spermatogenesis. During the first eight steps of spermio- 
genesis [23], the nucleus elongates and flattens, giving the 
head its characteristic oval shape. This nuclear compaction 
is believed to facilitate oocyte penetration and help to op- 
timize spermatozoa swimming capacity [24]. This nuclear 
compaction includes chromatin remodeling. During the last 
postmeiotic phase of spermiogenesis, histone molecules, 
around which DNA is organized, are converted to transla- 
tional proteins that are then converted to protamines [25]. 
Protamines contain large amounts of cysteine, which aids 
in disulfide bond formation as the sperm cells mature in 
the epididymis [26—28]. Protamines in the chromatin of the 
spermatozoa are replaced by histones from the oocyte with- 
in 2-4 h of fertilization. 
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Spermiation 


During spermiation, the mature sperm cell releases itself 
from the Sertoli cell and moves into the lumen of the semi- 
niferous tubule [28]. Spermatids originating from the same 
spermatogonia remain attached to each other by bridges, 
facilitating the transfer of cytoplasmic products. Spermia- 
tion may also involve the movement of spermatids as they 
progress toward the lumen of the seminiferous tubules [28]. 
Mature spermatids close their intracellular bridges and dis- 
connect from the germinal epithelium, becoming free cells 
(spermatozoa). At this stage, portions of the sperm cell cy- 
toplasm, known as the cytoplasmic droplet, are eliminated. 
However, the cytoplasmic droplet may remain in immature 
spermatozoa during the process of spermiation, becoming 
“excess residual cytoplasm” [29]. 


The Cycle or Wave of Seminiferous Epithelium 


Spermatogenesis involves the division of primitive sper- 
matogonial cells into germ cell types through the process of 
meiosis. At any given time, groups of cells in different devel- 
opmental phases are present within the germinal epithelium 
of the seminiferous tubule. Germ cells are localized in spatial 
units known as stages, designated by Roman numerals. Each 
stage is distinguished by (1) acrosome development, (2) mei- 
otic phase, (3) nucleus shape, and (4) spermatozoa release 
into the lumen of the seminiferous tubule [30] (Fig. 5.4). The 
same typical aspects of germ cell epithelium appear every 
16 days [8]. The time it takes for Type A spermatogonial to 
divide is shorter than that required for the entire process of 
spermatogenesis. The development of Type A spermatogonia 
into mature spermatids followed by the delivery of mature 
spermatozoa through the epididymal duct system takes any- 
where between 42 and 76 days [16]. 


Rete Testis and Epididymis 


Spermatozoa in the lumen of the seminiferous tubules leave 
the testis through the rete testis and several vasa (ductuli) 
efferentia. The ductuli combine to form a single, highly con- 
voluted duct at the head of the epididymis. The epididymis, 
located along the dorsolateral edge of each testis, allows for 
post-testicular maturation and storage of spermatozoa during 
their passage from the testis to the vas deferens. It is divided 
into three unique segments: the caput epididymis (head) for 
spermatozoa concentration, corpus epididymis (body) for 
spermatozoa maturation, and cauda epididymis (tail) for 
spermatozoa storage. As they pass through the epididymis, 
spermatozoa attain their full maturity, fertilizing ability, and 
motility, although they typically do not move under their own 
control until after ejaculation. The epididymal epithelium is 
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sensitive to androgen stimulation and possesses both absorp- 
tive and secretory abilities. As they journey through the epi- 
didymis, spermatozoa undergo changes in membrane protein 
composition, phospholipid and fatty acid content, net surface 
charge, immunoreactivity, and adenylate cyclase activity. At 
the caput, a significant amount of the fluid that carries sper- 
matozoa from the seminiferous tubules is reabsorbed, greatly 
increasing spermatozoa concentration. Spermatozoa remain 
motionless in the male genital tract and are transported by 
the flow of fluid in the testes, and thereafter by contraction 
of the organs. 

Spermatozoa mature outside the testes, leaving those 
within the testes with poor motility and fertilization abil- 
ity. The cauda epididymis stores mature spermatozoa, 
permitting repetitive, rich ejaculations. Sperm cell stor- 
age capacity diminishes distally. At the cauda epididymis, 
spermatozoa lose fertilizing potential first, motility second, 
and vitality last. These cells, along with nearly half of all 
spermatozoa released from the testes, will disintegrate and 
undergo reabsorption by the epididymal epithelium. This 
includes older gametes that must be eliminated from the 
male reproductive tract regularly to ensure high quality of 
the ejaculate. 


Vas Deferens 


The vas deferens is a muscular tube adjacent to the pros- 
tate that extends from the epididymis, passing through the 
inguinal canal into the peritoneal cavity and opening into 
the urethra. Near the prostate end, the vas deferens en- 
larges and forms a gland called the ampulla. This portion, 
along with excretory canals of the seminal vesicles, forms 
the ejaculatory ducts and joins the urethra. The ampulla is 
where the majority of sperm cells are stored for ejaculation. 
Few spermatozoa find their way from the caudal epididy- 
mis into the seminal vesicle where they will then degener- 
ate. These cells are generally found in the terminal portion 
of the ejaculate. 


Accessory Sex Glands 


The seminal vesicles, prostate gland, and Cowper’s 
(bulbourethral) gland are collectively known as the accesso- 
ry sex glands. These glands secrete fluids that act as the me- 
dium for sperm transport and sustenance (Table 5.3). These 
secretions make up the seminal plasma of the ejaculate. The 
seminal vesicles join the ampullary portion of the vas defer- 
ens and produce fructose and coagulating proteins. The pros- 
tate gland is located at the junction of the vas deferens and 
the urethra. Fluid produced by the prostate contains zinc, cit- 
ric acid, and acid phosphatase, which give semen its typical 
odor. In addition, the prostate secretes enzymes that liquefy 
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Fig. 5.4 Stages in spermato- 
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differentiation during spermato- 
genesis: from a diploid germ cell TN 
into a fully functional spermato- Spermatogonia: 
zoon. (Reprinted with permis- 
sion, Cleveland Clinic Center for 
Medical Art & Photography © 
2010-2013. All rights reserved.) 


Table 5.3 Composition of semen 
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Component Function Source 

Sperm Carries the paternal genetic material Seminiferous tubules 

Mucus Acts as a lubricant Bulbourethral glands 

Water Provides a liquid medium All accessory glands 

Buffers Neutralizes the acidic environment of the vagina Prostate, bulbourethral glands 
Nutrients 

L-carnitine Nourishes the spermatozoa Epididymis 

Fructose Seminal vesicles 

Vitamin C 

Citric acid Prostate 

Enzymes Forms coagulum in vagina, then liquefies Seminal vesicles and prostate 
Prostaglandins Smooth muscle contraction; aids sperm transport within both the male and female Seminal vesicles 


reproductive tract 


the seminal coagulum. The Cowper’s gland is situated distal Structure of Spermatozoon 


to the prostate gland and empties into the bulbous urethra. 


Fluid from the Cowper’s gland lubricates the urethra prior A morphologically normal sperm cell is about 45-50 um in 
to ejaculation. length and consists of a head and tail. 
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Head 


According to Kruger’s strict criteria [31], a morphologically 
normal head should be smooth and symmetrically oval in 
shape with a broad base and tapering apex. The sperm head 
measures between 4.0—5.5 um in length and 2.5-3.5 um in 
width, with a length-to-width ratio of between 1.50 and 1.70 
[32, 33]. The head is the most important part of the mature 
male gamete as it contains a nucleus, which is composed 
of packed chromosomal paternal genetic material (mostly 
DNA) containing 23 chromosomes. The nucleus comprises 
about 65% of the head, but like most somatic cells, lacks a 
large cytoplasm to match [34]. 


Acrosome Region 


The head also contains a well-defined acrosome region, a 
cap-like covering of the anterior two thirds of the head (40— 
70% of the apex) [33]. The acrosome is represented by the 
Golgi complex [35, 36]. The acrosome contains a number 
of hydrolytic enzymes, such as hyaluronidase and acrosin, 
which are required for fertilization [34]. During fertilization, 
the acrosomal membrane fuses with the oocyte plasma mem- 
brane oocyte at numerous sites. This is followed by the acro- 
some reaction, an event characterized by acrosomal enzyme 
release from the head tip. 

Among the common abnormalities of the sperm head are 
defective shape or size and the presence of numerous vacu- 
oles (>20%) within the head surface. Shape defects include 
large, small, tapering, pyriform, amorphous, double heads, 
and various other combinations [33]. 


Neck 


The neck is formed by the fragile junction between the head 
and tail portion. 


Tail 


The tail measures 40-50 um in length (nearly ten times the 
length of the head) and provides motility for the cell. The 
sperm cell’s entire motility apparatus is contained in the tail, 
propelling the sperm body via waves generated in the neck 
region that pass along distally in a whiplash manner. 

The tail can be divided into the midpiece (anterior por- 
tion), principal piece, and endpiece (posterior portion). Ide- 
ally, the midpiece supports the head at exactly the center 
position. It should be slender as well (maximum width of 
1 um), yet thicker than the rest of the tail and between 7.0 
and 8.0 um in length. The tail diameter should be between 
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0.4 and 0.5 um, measuring about 50 um in length. The tail 
should have a well-defined endpiece, without any coiling 
or abnormal bending (over 90°). The midpiece consists of 
tightly packed mitochondria surrounded by a sheath. The mi- 
tochondria in the midpiece supply energy in the form of ATP 
for tail movement. The principal piece is the longest part of 
the tail and comprises most of the propellant machinery. Mo- 
tility plays a very important role in sperm transport through 
the cervix; the sperm cells need to maintain motility despite 
being suspended in fluid secreted by the female reproductive 
organs. Moreover, motility is required to avoid phagocytosis 
by polymorphonucleocytes found in female body fluid. 

Common abnormalities of the neck and midpiece region 
are the absence of the regions themselves, thickened neck, 
distended or irregular/bent midpiece, abnormally thin mid- 
piece (no mitochondrial sheath), or a combination of these 
abnormalities [33]. The presence of excess residual cyto- 
plasm (i.e., a cytoplasmic droplet greater than one third the 
area of normal sperm head) at the posterior portion of the 
midpiece is another common abnormality. The cytoplasmic 
droplet is released during ejaculation as long as the sperm 
has sufficiently matured in the epididymis. Common tail de- 
fects include short or multiple hairpin broken tails, irregular 
widths, coiled tails with terminal droplets, or a combination 
of these defects [33]. 


Erection and Emission 


An erection is caused by sexually related psychic and/ 
or physical stimulation. Before an erection occurs, visual, 
auditory, olfactory, and tactile stimulation triggers acetylcho- 
line release by the parasympathetic nervous system. Acetyl- 
choline causes vasodilation of the pudendal arteries, which 
leads to increased blood flow to the corpus cavernosum and 
corpus spongiosum of the penis. As the venous outflow is 
compressed, the penis becomes engorged with blood and 
grows more turgid, leading to an erection. Penile erection 
is required for penetration into the vagina for sperm deposi- 
tion. Erectile dysfunction is the repeated inability to achieve 
or maintain an erection rigid enough for sexual intercourse. 
Semen, the mixture of sperm and fluids, is expelled via a 
neuromuscular reflex in two sequential phases: emission and 
ejaculation. At the start of emission, a series of coordinated 
sequential contractions begins in the testis efferent ducts, the 
cauda epididymis and the convoluted portion of the vas def- 
erens. The contractions advance in an assimilated manner, 
propelling the sperm from the cauda epididymis forward into 
the prostatic urethra. Here, the prostatic fluid, the sperm-rich 
fraction from the ampulla, and the fluid from the seminal 
vesicle are deposited into the prostatic urethra. This action 
propels sperm from the efferent ducts, through the ejaculato- 
ry ducts, and into the urethra. The filling of the urethra with 
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sperm initiates sensory signals that travel to the sacrospinal 
region of cord. The internal urethral sphincter is closed by 
sympathetic discharge to prevent retrograde ejaculation into 
the urinary bladder. During the emission phase, when sper- 
matozoa pass into the urethra, sympathetic stimulations re- 
lease adrenaline and initiate contraction of the smooth mus- 
cles surrounding the ampulla, deferens ducts, and the cauda 
epididymis. 


Ejaculation 


Ejaculation is initiated after emission, and the process expels 
semen from the penile urethra. It includes external sphincter 
relaxation and rhythmic prostate contractions. The bulbos- 
pongiosus muscle propels the semen in an antigrade manner 
out of the external urethral meatus. Sperm that is not ejacu- 
lated will gradually die and undergoes cytolysis. Ejaculation 
involves both the sympathetic and parasympathetic nervous 
systems. Parasympathetic fibers initiate the contraction of 
the bulbospongiosus muscle, which leads to forcible expul- 
sion of the semen from the urethra. Ascending impulses con- 
tribute simultaneously toward the sensation of orgasm. 

The ejaculate, or semen, is freshly produced at the time 
of ejaculation. Ejaculation normally occurs in a definite 
sequence. First, a small amount of Cowper’s gland fluid 
is extruded followed by prostatic fluid and the sperm-rich 
fraction from the ampulla, and finally secretions from the 
seminal vesicle (Table 5.3). These secretions form the semi- 
nal coagulum, a gel-like substance that normally liquefies in 
about 20 min. Sperm cells are trapped within the gel matrix 
of the coagulum and remain immotile until activation upon 
liquefaction. 

Once the ejaculate is expelled, detumescence of the penis 
begins under sympathetic control. Noradrenaline is secreted, 
causing dilation of the penile vasculature and penile flaccidity. 


Capacitation and Acrosome Reaction 


The spermatozoa undergoes several chemical changes during 
capacitation, which occurs in the cervix, uterine cavity, and 
the fallopian tubes during the estrogenic phase. Capacitation 
allows the acrosome reaction to occur as the sperm and oo- 
cyte come into contact with one another. As with epididymal 
maturation, capacitation is also required before fertilization 
can occur. Capacitation takes place after ejaculation into the 
female reproductive tract. During capacitation, spermatozoa 
undergo a sequence of biochemical changes that ultimately 
enable them to fertilize an ovum. The sperm plasmalemma 
is reorganized to support the subsequent acrosome reaction; 
seminal plasma factors are removed and modifications are 
made to the sperm membrane, sterols, lipids, glycoproteins, 
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outer acrosomal membrane, and surface charge. The concen- 
tration of intracellular free Ca?* increases as well [37]. In par- 
ticular, it is the removal of cholesterol from the surface mem- 
brane that allows for the acrosome reaction to occur [38]. 

The acrosome reaction is a form of exocytosis that gives 
spermatozoa the ability to advance through the zona pellu- 
cida and prepares them for fusion with the ovum membrane. 
This process helps to dispel the contents of the acrosome, 
including surface antigens and enzymes, for successful fer- 
tilization. D-mannose binding lectins on the sperm surface, 
for example, have been shown to help bind spermatozoa to 
the zona pellucida [39, 40]. The acrosomal enzymes digest 
the outer acrosomal membrane and the plasma membrane to 
which it is attached. At this point, the head is covered only by 
the inner acrosomal membrane. The posterior region of the 
head is enclosed by a single membrane known as the post- 
nuclear cap. The acrosome and postnuclear cap overlap to 
form the equatorial segment, which does not take part in the 
acrosome reaction. The spermatozoon progresses forward 
and rapidly penetrate the three layers of the oocyte, mov- 
ing through the cumulus oophorus, corona radiate, and zona 
pellucida, respectively. Once inside the perivitelline space, 
the cortical reaction is induced, triggering the completion of 
meiosis II in the oocyte. Next, the spermatozoon attaches to 
the vitelline membrane at the postnuclear cap area and fuses 
with the oocyte membrane. Consequently, its tail breaks off 
at the midpiece, detaching from the head, and is followed 
by axoneme and head decondensation to free the male chro- 
matids. Epididymal maturation, capacitation, and the acro- 
some reaction induce cellular and chromatin modifications 
in germ cells for their transformation into fully functional 
spermatozoa (Fig. 5.5). 


Spermatogenic Efficiency 


In humans, it takes a spermatogonium approximately 64 
days to differentiate into four mature spermatids and into 
mature spermatozoa [41]. The daily production rate of sper- 
matozoa is 3—4 million per gram of testicular tissue [42], 
which is meager in comparison to that of laboratory ani- 
mals. More than 75% of the developed sperm cells perish 
due to apoptosis or degeneration, and more than 12.5% of 
the remaining cells are abnormal. In the end, the spermato- 
genetic potential for reproduction amounts to approximately 
12% [13]. Daily sperm production gradually decreases with 
advancing age. This reduction could be attributed to the loss 
of Sertoli cells, increase in germ cell degeneration during 
prophase of meiosis, loss of primary spermatocytes, and the 
loss of Leydig cells, non-Leydig interstitial cells, and myoid 
cells [30]. 

Initial information regarding the success of spermato- 
genesis is obtained by evaluating ejaculate under light 
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Fig. 5.5 Sperm developmental 
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microscopy to assess the number, shape, and motility pat- 
terns of spermatozoa and to assess other cellular components 
present in the ejaculate [10]. 


Immune Status 


Despite their biological necessity, spermatozoa are not 
recognized by the immune system. While immune func- 
tion is established shortly after birth, surface markers 
found in late pachytene spermatocytes, spermatids, and 
spermatozoa develop during puberty. The spermatozoa are 
protected, however, by the blood-testis barrier, a micro- 
environment in the seminiferous epithelium that renders 
them free from immunological attack [43]. Despite the 
barrier, an immune monitoring system still exists in both 
the testes and epididymis that defends against autoimmune 
disease [44]. 


Disturbances to Spermatogenesis 


Several factors can potentially disturb gamete proliferation 
or differentiation and the intra- or extratesticular mecha- 
nisms that regulate spermatogenesis. These include expo- 
sure to physical agents such as heat or chemical substances, 
poor nutrition, obesity, nicotine use, alcohol consumption, 
ingestion of therapeutic and recreational drugs, bacterial 
infections, hormonal imbalances, varicocele, cryptorchi- 
dism, testicular cancer and radiation [45, 46]. Environmental 
toxicants such as pesticides, phthlates, polychlorinated bi- 
phenyls (PCBs) and endocrine disrupting chemicals (EDCs) 
can also negatively impact the spermatogenic process [45, 
47, 48]. 


Semen Parameters and Reference Range 


A routine semen analysis is the “gold standard” for the initial 
investigation of male fertility. The following factors are as- 
sessed in the seminal ejaculate: physical characteristics (e.g., 
color, volume, pH, odor, viscosity, and liquefaction time), 
sperm concentration, motility, progression, viability, and 
morphology and leukocyte count. Semen parameters such 
as sperm concentration, motility, and morphology can act as 
markers of male fertility and may reflect testicular causes of 
infertility. However, semen analysis must be performed on 
two or three separate occasions (owing to its large individual 
biological variability) before any conclusion can be made 
[49]. The World Health Organization (WHO) normal cutoff 
values for semen characteristics are shown in Table 5.4. 


Conclusion 


Spermatogenesis is a highly organized, complex sequence of 
differentiation events, both mitotic and meiotic, that yields 
genetically distinct male gametes for fertilization with the 
female ovum. In a broader scope, it helps to propagate a 
species and contributes to genetic diversity. In human males, 
spermatogenesis begins at puberty and persists throughout 
life. Sperm production is a continuous process that occurs 
in the seminiferous tubules within the blood-testis barrier of 
the testis—an immune privileged site. Spermatogenesis in- 
volves the transformation of spermatogonial germ cells into 
spermatids via proliferation and cellular remodeling. The 
process is regulated by various intrinsic and extrinsic factors. 
Spermiogenesis converts the spermatids to motile spermato- 
zoa, which are highly specialized haploid cells. Spermatozoa 
are released along the seminiferous tubules into the epididy- 
mis where post-testicular maturation and storage take place. 
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Table 5.4 Reference values for semen characteristics according to the WHO, 4th (1999) and 5th (2010) edition 


Parameter WHO 1999 

(4th edition) [33] 
Volume (mL) >2 
Sperm concentration (106 per mL) >20 
Total sperm count (106) >40 
Total motility (% motile) >50 
Progressive motility?(%) >25% (grade a) 
Vitality (% alive) >75 
Morphology (% normal forms) 14 
Peroxidase-positive leukocytes (10° per mL) <1.0 


WHO 2010 

(5th edition)[33] 
(Lower reference limits obtained from lower 5th centile values) 
1.5 

15 

39 

40 

32 (grade a+b) 
58 

4 

<1.0 


è Grade a=rapid progressive motility (>25 m/s), grade b, slow/sluggish progressive motility (5—25 m/s); normal, 50% motility (grade a+b) or 


25 


% progressive motility (grade a) within 60 min of ejaculation 


Before fertilization can occur, spermatozoa must undergo 


fu 
sO 


rther biochemical changes via capacitation and the acro- 
me reaction, both of which occur after ejaculation. The en- 


tire sperm production process can be inhibited by numerous 
factors, such as poor nutrition, hormonal imbalances, and 
therapeutic drug side effects. 
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Idiopathic Infertility: Survival and 
Function of Sperm in the Female 
Reproductive Tract 


Michelle van der Linde and Stefan S. du Plessis 


Introduction 


Spermatozoa are highly specialized cells with very unique 
characteristics and an equally unique purpose. Being the 
smallest cell in the human body, they have arguably the single 
biggest responsibility—successfully fertilizing the oocyte. 
To accomplish this, the sperm must be able to remain viable 
outside of the male reproductive tract for a certain amount 
of time, while producing sufficient energy to sustain their 
metabolic processes, final maturational steps, and motility. 

Spermatogenesis occurs in the male reproductive tract 
over a +74 day [1] period through both mitotic and meiotic 
cell division, followed by dynamic maturation processes [2]. 
Spermatozoa are deposited in the female reproductive tract 
during sexual intercourse, after which they have to function 
independently and with limited resources to ultimately ac- 
complish successful fertilization. As human spermatozoa 
face tremendous obstacles during their lifespan, spermato- 
genesis is geared toward producing cells that are specifi- 
cally designed to cope with and overcome these challenges. 
Some of the complications that a sperm may encounter in the 
female reproductive tract include a hostile environment in 
terms of acidity and female immune cells, factors that thwart 
progressive movement such as gravity and high viscosity 
of female secretions, as well as physical barriers that may 
prevent their advancement entirely. Simultaneously, these 
challenges faced by the spermatozoa most probably act as a 
natural selection process, allowing only the most physiologi- 
cally superior spermatozoa to reach the site of fertilization. 

This chapter will discuss the many challenges that human 
spermatozoa face in the female reproductive tract as they 
make their way toward the oocyte, as well as the functions 
they have to fulfill and the various means by which they are 
adapted to survive these hostile circumstances. 
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Spermatogenesis and Seminal Plasma 


In order to grasp the ability of the spermatozoa to survive the 
various challenges faced in the female reproductive tract, it 
is important to understand the origin, composition, and pur- 
pose of spermatozoa and seminal plasma (see Table 6.1). 

Following spermatogenesis in the testes, the sperm are 
stored and they undergo further maturation in the epididy- 
mis, where the principle cells secrete glycerophosphocho- 
line, inhibiting both motility and premature capacitation [3]. 
In this metabolically-suppressed state, spermatozoa can sur- 
vive in the male reproductive tract for many weeks. 

A normal, mature spermatozoon consists of a head, mid- 
piece, and flagellum. The head, containing a haploid set of 
DNA material, is covered with a cap-like structure known as 
the acrosome. The midpiece houses the mitochondria, which 
provide ATP via oxidative phosphorylation, and the flagel- 
lum is used to propel the spermatozoa and contains glyco- 
lytic enzymes for ATP production by glycolysis. 

During ejaculation, as the spermatozoa pass through the 
ejaculatory ducts, the accessory sex glands contribute various 
secretions that ultimately constitute the bulk of the seminal 
plasma. The seminal plasma consists of several components 
intended to sustain and promote survival of the spermatozoa. 
Key features of semen include its high buffering capacity, 
maintaining its pH to almost neutral in acidic environments, 
as well as a substantially high osmolarity in comparison to 
blood plasma (hypertonic) [4], a feature which is influenced 
greatly by the concentrations of sugars, ionic salts, and other 
organic compounds [5] and which has been noted to increase 
significantly with age [6]. Seminal plasma contains more 
than 50 different chemical compounds, each of which assists 
sperm survival and function in the female reproductive tract. 

Ejaculation comprises of two phases: during the first 
phase, the emission stage, the spermatozoa are transported 
from the epididymis to the urethra via smooth muscle con- 
traction; while during the second phase, the true ejaculatory 
phase, seminal plasma is moved through the urethra and, 
along with the sperm, expelled from the body as semen [7]. 
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Table 6.1 Constituents of seminal plasma and their functions 
Gland 
Principle cells [3] (epididymus) 


Secretion 


Glycerophosphocholine 
Seminal vesicles [3] 


Prostate [3] 


Bulbourethral glands [3] Clear fluid 


Epididymis [7] 
Prostate and seminal vesicles 


Lymphocytes and macrophages 
Granulocytes [7] 


The seminal vesicles are the first to add their secretion 
to the seminal plasma, producing a viscous fluid rich in nu- 
trients such as fructose (274 mg/100 ml) [8] and glucose, at 
an average concentration of (102 mg/100 ml) [4], as well 
as several proteins, including fibrinogen and prostaglandins 
[3]. The sugars serve as substrates for anaerobic metabolism 
(fructolysis and glycolysis), which the spermatozoa will 
utilize as soon as they gain motility. Fibrinogen initiates 
postejaculatory coagulation of the seminal plasma, while the 
prostaglandins help to make the female environment more 
hospitable to the spermatozoa in terms of pH-buffering [3]. 

The prostate gland contributes an alkaline secretion con- 
taining calcium, albumin, proteolytic enzymes, acid phos- 
phatase, fibrinogenase, profibrinolysine, zinc, citric acid, 
and lipids [3]. Since spermatozoa are extremely susceptible 
to an acidic environment, the most important function of the 
prostatic secretion is neutralisation of (i) the vas deference, 
which is acidic due to metabolic waste such as increased 
CO, and lactic acid produced by the spermatozoa, and (ii) 
the vagina, which is acidic due to the natural bacteria it con- 
tains. The fibrinogenase assists in postejaculatory coagula- 
tion, and the profibrinolysine leads to liquefaction [3]. Zinc 
helps to stabilize the DNA-containing chromatin [9]; citrate 
contributes to the pH buffering capacity and is also believed 
to be the major regulator of ionized calcium levels in the 
seminal plasma [10, 11]. The calcium concentration is a key 
factor in sperm motility, metabolism, acrosome reaction, and 
fertilization [12]. 

Additional cells that may be found in seminal plasma are 
lymphocytes and macrophages, which originate mainly from 
the epididymis, as well as granulocytes that are derived from 
both the prostate and seminal vesicles [13]. Activated granu- 
locytes release reactive oxygen species (ROS), which have 
beneficial functions at physiological levels, but can become 
detrimental when elevated, in which case it disrupts the sper- 
matozoa’s membranes and compromises DNA integrity [13]. 


Viscous fluid rich in fructose and glucose, several 
proteins, including fibrinogen and prostaglandins 


Alkaline secretion containing calcium, albumin, 
proteolytic enzymes, acid phosphatase, fibrinoge- 
nase, profibrinolysine, zinc, citric acid, and lipids 
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Function 

Inhibits motility and premature capacitation 
Substrates for anaerobic metabolism; fibrinogen 
initiates postejaculatory coagulation; prostaglandins 
contribute to make the female environment more 
hospitable 

Neutralisation; fibrinogenase for postejaculatory 
coagulation; profibrinolysine for liquefaction; zinc 
stabilizes the DNA; citrate contributes to the pH 
buffering capacity 

Lubrication for easy expulsion of the semen; 
neutralization; aids the mobility of spermatozoa by 
creating less viscous channels 


Reactive oxygen species [55] (ROS) which has 
beneficial functions at physiological levels 


Finally, the bulbourethral glands secrete a clear fluid 
into the lumen of the urethra, providing lubrication for easy 
expulsion of the semen [3], as well as buffers to assist in 
neutralization of the acidic vaginal pH [14]. This mucus fur- 
thermore aids the mobility of spermatozoa in both the vagina 
and cervix as it creates channels that are less viscous through 
which the spermatozoa can swim. 

The World Health Organization describes normal human 
semen as having a volume of at least 1.5 ml, pH of around 
7.2, sperm concentration greater than 15 x 10° spermatozoa/ 
ml, and total motility of at least 40% with forward progres- 
sion of 32% within 60 min of ejaculation [15]. 


Function of Spermatozoa in the Female 
Reproductive Tract 


Introduction 


Despite being motile once inside the female reproductive 
tract, spermatozoa are not yet capable of fertilizing an oo- 
cyte at this stage. Spermatozoa require a species-dependant 
amount of time to travel from the site of deposition, in the 
vagina, to the site of fertilization, in the fallopian tubes [16], 
while simultaneously acquiring fertilizing ability by under- 
going a series of complex changes along the way, collec- 
tively referred to as capacitation [16]. 


Capacitation 


The process of capacitation has been defined as a “functional 
maturation of the spermatozoon” [17]. Capacitation involves 
considerable alterations to the surface of the plasma mem- 
brane, with various molecules being removed, rearranged, 
or revealed. These changes are facilitated by the removal 
of cholesterol and glycoproteins, resulting in a more fluid 
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plasma membrane with an increased permeability to Ca**!®. 


The subsequent upsurge in Ca?* leads to increased intracel- 
lular cAMP levels and, consequently, increased motility [3]. 

The uterus aids in the steps of capacitation by secreting 
sterol binding albumin, lipoproteins, and glycosidases such 
as heparin [18]. Sterol binding albumin promotes cholesterol 
efflux from the sperm plasma membrane [19], while heparin 
[20] and lipoproteins [21] have been shown to accelerate the 
initiation of both capacitation and the acrosome reaction in 
vitro. Extracellular Ca?” plays an important role as a signal- 
ling molecule during capacitation and the acrosome reaction, 
and is a prerequisite for both processes [16]. The acrosomal 
area also undergoes changes during capacitation in prepara- 
tion for a possible acrosome reaction closer to fertilization. 

As a result of the increased intracellular Ca** levels 
mentioned before, and by the time the fallopian tubes are 
reached, the spermatozoa become hyperactivated, indicating 
the successful completion of the capacitation process. 


Hyperactivation 


Hyperactivation is a motility pattern usually occurring in 
vivo in the fallopian tubes [22], and is characterized by in- 
creased amplitude and asymmetrical flagellar beating [23] 
together with increased amplitude of lateral head displace- 
ment (ALH) [24]. Hyperactivation is triggered by a rise in 
intracellular flagellar Ca?* and requires an increase in both 
pH and ATP production [23]. Since, hyperactivation is nor- 
mally only displayed at the site of fertilization, it may there- 
fore be modulated by chemotactic signals to direct and turn 
spermatozoa toward the oocyte [23], while the increased 
sideways displacement of the head increases the spermato- 
zoon’s chances of encountering the egg [22]. Furthermore, 
hyperactivation enhances the ability of the spermatozoa to 
traverse the viscous fluids in the fallopian tubes, affording 
increased flexibility and facilitating the penetration of the 
spermatozoon through the cumulus complex and zona pel- 
lucida [22]. 


Acrosome Reaction 


The oocyte is surrounded by various external structures; the 
outermost is the cumulus oophorus, a gel-like hyaluronic 
acid that the spermatozoa encounters initially and needs to 
penetrate first. Inside of the cumulus is the zona pellucida, 
to which sperm must bind. This acts as the final mechani- 
cal barrier for spermatozoa before fertilization. In order for 
the spermatozoa to fuse with the oolemma, it must bind to 
the zona pellucida, reorientate, and finally, penetrate the 
oocyte [25]. The zona pellucida consists predominantly of 
glycoproteins, among which ZP1, ZP2, ZP3, and ZP4 [26] 


are highly species-specific and complimentary to glycopro- 
teins on the surface of the head of the spermatozoa. The zona 
glycoproteins ZP1, ZP3, and ZP4 are primarily responsible 
for the tight binding of capacitated, acrosome-intact sper- 
matozoa and initiating a cascade of cellular interactions that 
culminate in fertilization. In vivo, the acrosome reaction is 
initiated when the spermatozoon comes into contact with or 
in very close proximity to the oocyte’s cumulus layer. The 
purpose of the acrosome reaction is the release of the en- 
zymes (hyaluronidase and acrosin [27]) contained inside the 
acrosomal cap, which is responsible for digestion of the zona 
pellucida and oolemma in order to allow the spermatozoon 
to penetrate the oocyte. The enzymes that are released di- 
gest the cumulus cells surrounding the oocyte, exposing the 
oocyte to the acrosin attached to the inner membrane of the 
sperm. Acrosin digests the zona pellucida and membrane of 
the oocyte. Progesterone, secreted by the cumulus cells, is 
an important cofactor for the initiation of this process [27], 
as is the increase in calcium permeability due to successful 
capacitation [28]. 

Upon completion of the acrosome reaction, the inner 
membrane of the spermatozoa subsequently fuses with the 
oolemma and the contents of the sperm head enter the oocyte 
during a process termed penetration [29]. 


Fertilization 


Upon penetration, the oocyte becomes activated. It com- 
pletes its secondary meiotic division and the two haploid 
nuclei—paternal and maternal—fuse to form a diploid zy- 
gote. In order to prevent polyspermy and minimize the pos- 
sibility of producing a triploid zygote, several changes to the 
oocytes’ membranes render them impenetrable shortly after 
the first sperm enters the egg through a process called the 
zona reaction [29]. 


Metabolism 


Being independent living cells, spermatozoa must sustain 
themselves and support their functions and motility for an 
extended period of time under varying conditions [30], and 
as they are not directly attached to the female body or linked 
to the bloodstream, they must survive on very limited re- 
sources. Spermatozoa are maintained at a low energy con- 
sumption state during epididymal storage, conserving energy 
and favoring long-term cell survival [3]. Despite being very 
small cells, spermatozoa require a substantial amount of en- 
ergy in the form of ATP in order to support cellular processes 
and functions such as protein phosphorylation and motility 
[30]. The preferred metabolic pathway for ATP production 
varies greatly between species. 
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In humans, immature spermatids seem to favor the sub- 
strates lactate and pyruvate, indicating that oxidative phos- 
phorylation is the main energy source during early spermato- 
genesis. However, as spermatozoa undergo maturation in the 
epididymis, they expand their energy production ability to 
furthermore utilize glycolysis as an alternative source [30]. 

While the acrosome reaction utilizes lactate and pyruvate 
for ATP production by oxidative phosphorylation, gamete 
fusion requires glucose to produce NADPH by the pentose 
pathway. Normal sperm motility appears to be sustained 
by relatively low ATP levels, but increased ATP levels are 
required for tyrosine phosphorylation linked to hyperacti- 
vation. Thus, each individual process and event requires a 
different substrate and metabolic pathway [30], although it 
is important to note that utilization of these two metabolic 
pathways is not mutually exclusive. 

Glycolysis appears to be indispensable to the spermato- 
zoa of all species and has been shown to compensate for a 
lack of oxidative phosphorylation, thereby leading to the re- 
covery of most sperm functions. Spermatogenic glycolytic 
enzymes may be more flexible in the use of substrates, and 
able to adapt to unexpected conditions in the female repro- 
ductive tract [30]. 

Ultimately, it appears that the metabolic pathway utilized 
in vivo is greatly influenced by the conditions of the female 
reproductive tract [31], which, in turn, may be influenced by 
a variety of factors, not the least of which is the menstrual 
cycle. 


Motility/Swimming Patterns 


After sperm have been in the epididymis for 18—24 h, they 
develop the capability of motility, even though several in- 
hibitory proteins in the epididymal fluid still prevent final 
motility until after ejaculation. Smooth muscle contractions 
of the female reproductive tract, ciliary beats, fluid currents, 
and flagellar activity of sperm are primary mechanisms of 
sperm movement and transport [32]. Sperm can live for 
many weeks in the suppressed state in the male reproduc- 
tive tracts, but the life expectancy of ejaculated sperm in the 
female genital tract is only about 5 days [3]. 

Normal motile, fertile spermatozoa are capable of flag- 
ellated movement at velocities of up tol04 mm/min. The 
motility of sperm is significantly enhanced in a neutral and 
slightly alkaline medium, as it exists in the ejaculated sem- 
inal plasma, but it is greatly suppressed in even a slightly 
acidic medium. The activity of spermatozoa accelerates 
markedly with increased temperature, but so does the rate 
of metabolism, leading to a reduction in the lifespan of the 
spermatozoa. 

Activated motility as seen in freshly ejaculated spermato- 
zoa refers to the low amplitude symmetric waves propagat- 


M. van der Linde and S. S. du Plessis 


ing along the length of the flagellum and resulting in linear 
propulsion of the sperm cell [33]. Hyperactivated motility, 
as seen at the site of fertilization occurs when the flagellar 
movement becomes asymmetrical with higher amplitude, re- 
sulting in highly curved trajectories [34]. 


Survival of Spermatozoa in the Female 
Reproductive Tract 


Introduction 


The passage of sperm through the female reproductive tract 
is regulated to maximize the chance of fertilization and en- 
sure that morphologically and functionally normal sperma- 
tozoa will be the ones to succeed. A single spermatozoon is 
about 60 um long, and needs to swim a distance of approxi- 
mately 20 cm to reach the oocyte. Millions of spermatozoa 
are produced by the male as a first attempt to increase the 
chance of successful fertilization, as many spermatozoa die 
along the way. Spermatozoa must survive the journey inde- 
pendently and without the benefit of reparative mechanisms 
available as is the case with somatic cells [35], while being 
subjected to various physical and chemical stressors (refer to 
Fig. 6.1). In humans, it has been observed that sperm are still 
viable and fertile in the female up to 5 days after intercourse. 
The remainder of this chapter will be dedicated to the 
obstacles spermatozoa face in the female reproductive tract, 
and, more importantly, the mechanisms that exist to aid in 
the survival of the spermatozoa in this hostile environment. 


Vagina 


During intercourse, semen deposition is usually confined to 
the anterior vaginal region, near the cervical os. Spermato- 
zoa deposited in the vagina face two major complications: 
gravity and a sudden acidic environment. Upon ejaculation, 
the semen immediately coagulates in the vagina and lique- 
fies after 30—60 min. This initial clotting of the semen inside 
the vagina not only prevents sperm loss and leaking due to 
gravity, but it furthermore provides the spermatozoa with a 
pH buffered and substrate rich milieu in the interim. During 
the sequential liquefaction process mucus molecules present 
in the seminal plasma arrange themselves to form channels 
that help guide the motile spermatozoa out of the plasma co- 
agulum and toward the opening of the cervix. This process 
serves as the first selection step toward a viable sperm frac- 
tion, as immature/immotile sperm will not be able to migrate 
efficiently from the seminal plasma [35]. 

Being exposed to the external environment, the vagina is 
susceptible to infections, and is therefore well equipped with 
antimicrobial defenses, which, in addition to the acidic pH, 
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Fig. 6.1 Anatomical pathway, 
challenges and surviving mecha- 
nisms of spermatozoa in the fe- 


male reproductive tract 
entrance 


e Gravity — coagulation keeps semen inside vagina 
¢ pH — seminal plasma neutralises acidic environment 
¢ Immune cells — coagulation keeps spermatozoa protected and close to cervical 


+ 3D-maze — deep folds protect sperm from microbes 


Cervix 


¢ Immune cells - Uterine contractions propel sperm past microbes 


Uterus 


¢ Provides a haven for spermatozoa; reservoir maintains spermatozoa as they wait to 


Fallopian 
Tubes 


includes high incidence of immune cells [35]. However, due 
to the prostaglandins’ immune-suppressing effects and pH 
buffering of the seminal plasma, spermatozoa can survive 
in the vagina for 24-48 h before they are removed by the 
female immune cells [3]. 


Cervix 


The entrance to the cervix is practically impermeable 
throughout most of the menstrual cycle due to the compact 
microarchitecture of the cervical mucus, effectively acting 
as a plug. Under the influence of the sex steroidal hormones 
around the time of ovulation, the mucus becomes thin and 
hydrated, often exceeding 96 % water, while estrogen causes 
the cervical canal to widen, allowing sperm-penetration [35]. 
In addition to being a three-dimensional maze, the cervix is 
also filled with cervical mucus, which is thick and very vis- 
cous. Once in the cervix, the cervical mucus presents a great 
obstacle to abnormal or immature spermatozoa that are not 
sufficiently motile or present poor hydrodynamic profiles, 
while normal, vigorously motile spermatozoa have less trou- 
ble traversing through the mucus [35]. 

It has been observed that, during the follicular phases of 
the menstrual cycle, the composition of the mucus deep in 
the channels is different and less dense than that in the cen- 
tral area of the cervical canal. Female immune cells are also 
more concentrated in the central portions of the canal. This 
indicates that the cervix may support the movement of nor- 
mal motile spermatozoa in the deeper regions of the canal, 
while restraining passage of microbes and spermatozoa with 


encounter the oocyte 


abnormal morphology or motility. In addition to this protec- 
tion, the cervix may furthermore aid in guiding the sperma- 
tozoa toward the uterus through the microarchitecture of 
the cervical mucus. Mucins are the primary glycoproteins 
comprising the cervical mucus, and are long, flexible mol- 
ecules that arrange themselves to become aligned, allowing 
spermatozoa to orient themselves along these molecules. 
Human spermatozoa have been observed to swim in a more 
linear path in cervical mucus when compared to suspension 
in seminal plasma or culture medium [35]. Sperm recovered 
from cervical mucus 24 h after intercourse are greatly out- 
numbered by leukocytes, indicating that the cervix is not a 
suitable storage site for spermatozoa [36]. 

The prostaglandins, secreted by the seminal vesicles, 
have a three-fold function [3]: firstly, to react with the cervi- 
cal mucus to make it more hospitable to the sperm; secondly, 
they are involved in suppressing the female’s immune re- 
sponse against the seminal proteins and spermatozoa; and 
thirdly, they stimulate reversed peristalsis in the uterus and 
fallopian tubes to promote the movement of spermatozoa to 
the ovum. 


Uterus 


The human uterine cavity is only a few centimeters in length, 
and could be traversed in a few minutes by mature sperma- 
tozoa with normal motility abilities. In the uterus, spermato- 
zoa are propelled mainly by the rhythmic contractions of the 
uterus. These contractions may be inspired by stimulatory 
secretions from the seminal plasma, as well as by hormonal 
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changes in the female. The menstrual cycle may affect the 
transport of spermatozoa through the uterus, as ultrasonog- 
raphy of the uterus has revealed cranially directed waves of 
uterine smooth muscle contractions that increase in intensity 
during the late follicular phase [36], when spermatozoa can 
be rapidly transported from the cervix into the uterus and 
even into the tubal isthmus. This rapid transport of the sper- 
matozoa through the uterus can improve survival of sper- 
matozoa by propelling them past the immunological defense 
system of the female, instead of allowing the spermatozoa 
to accumulate, along with leucocytes and macrophages, in 
the restricted space of the uterine cavity [35]. The contractile 
activity of uterine muscle may further serve to draw watery 
midcycle cervical mucus into the uterus along with the sper- 
matozoa, providing the spermatozoa with an aqueous me- 
dium to swim [35]. 

Another difficult point is the transition from the uterus to 
the fallopian tubes. This opening is fairly narrow and opens 
only periodically, allowing merely limited numbers of sper- 
matozoa to pass through, half of which will enter the oviduct 
where an oocyte has not been released. It has been observed 
that several surface proteins are required for spermatozoa 
to pass through the uterotubal junction, and that spermato- 
zoa lacking these proteins are not only unable to cross the 
junction, but are also incapable of fertilizing the oocyte [35]. 
Therefore, normal morphology and motility do not seem to 
be sufficient for sperm to pass through the junction, and a 
stringent selection process based on extended criteria is 
made to ensure that the spermatozoa that ultimately manage 
to make it through display virtually no abnormalities [37]. 


Fallopian Tubes 


Yanagimachi and Chang (1963) were the first to describe 
a reservoir of sperm in the tubal isthmus of hamsters [38]. 
Since then, formation of sperm reservoirs has been observed 
in many species. Unlike the uterus, cervix, and vagina, the 
fallopian tubes do not respond to the presence of the sper- 
matozoa with an influx of leukocytes, and therefore the fal- 
lopian tubes provide some refuge for the spermatozoa that fi- 
nally reach them. In animals, the storage reservoir maintains 
the viability and fertilizing capacity of spermatozoa until 
ovulation. The tubal reservoir is created when spermatozoa 
bind to the epithelial lining of the first segments of the tube, 
stabilizing the sperm membranes and simultaneously serving 
to delay capacitation and prevent polyspermic fertilization 
by only allowing a few spermatozoa to reach the oocyte in 
the ampulla at a time. 

In vitro studies have shown that incubation of human sper- 
matozoa with human epithelial cells prolong the viability of 
spermatozoa, but no in vivo models have been able to prove 
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the existence of these reservoirs in humans. However, this 
does not necessarily mean that the reservoirs do not exist, as 
it might indicate that, in humans, the binding of the sperma- 
tozoa to the epithelium does not have to be as quick or as tight 
as is the case in other species. Even though a visibly distinct 
sperm reservoir has not been observed in the fallopian tubes 
of humans, a functional reservoir could be present that leads 
to detention of the spermatozoa in the tubal isthmus, slowing 
their progress toward the ampulla. Mucus in the lumen of the 
tube may also contribute to slowing the progress, together 
with the mucosal folds that increase in both height and com- 
plexity toward the ovary, delaying the advancement of the 
spermatozoa into and through the ampulla. The slowing of 
the advancement of spermatozoa could serve the function of 
a reservoir that is prolonging the availability of viable sperm 
in the fallopian tube and avoiding polyspermic fertilization. 
Nevertheless, since pregnancies can result from intercourse 
as early as 5 days prior to ovulation, human spermatozoa 
must be stored somewhere in the female tract. It has been 
observed that spermatozoa can survive and remain fertile 
in the fallopian tubes for up to 85 h [39]. Spermatozoa that 
reach the fallopian tubes have been reported to have a higher 
amount of morphologically normal cells than is seen lower 
in the female reproductive tract [40], supporting the theory 
that the natural barriers sperm encounter in the female serve 
to select for the most viable spermatozoa capable of success- 
fully fertilizing the oocyte. 

However, when in vitro fertilization (IVF) techniques are 
performed, much of these barriers are bypassed and sperma- 
tozoa are often selected based on normal morphology, vital- 
ity and/or superior motility, even though none of these are re- 
flective of the inherent DNA integrity of the spermatozoa. In 
addition, many of the currently employed sperm preparation 
techniques for IVF can induce even further damage to the 
spermatozoa through increased oxidative stress levels and 
concurrent DNA damage [41]. The injection of superficially 
normal spermatozoa with damaged chromatin during intra- 
cytoplasmic sperm injection (ICSI) can be related to the high 
spontaneous abortion rates that are associated with ICSI. In 
vitro studies have found that, in addition to surviving longer, 
spermatozoa that adhere to the fallopian epithelium are of 
higher quality in terms of motility, morphology, and DNA 
integrity than those who do not [42]. This implies that fal- 
lopian tube epithelium can be utilized in vitro as a method to 
isolate both physiologically and biochemically high-quality 
spermatozoa for clinical fertilization procedures. Further- 
more, as spermatozoa from neat, uncentrifuged preparations 
have been seen to bind to fallopian epithelial cell cultures 
(Ellington, unpublished observations), the need for centrifu- 
gation is negated, and the DNA integrity of the spermatozoa 
is preserved. 
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Female Response to Spermatozoa 
Introduction 


The female body is constantly changing as it prepares for 
potential conception. In the event of successful fertilization, 
the body must adapt in order to support the subsequent preg- 
nancy, and in the absence of fertilization, the body must re- 
turn to its former state and start preparing for the release of a 
new oocyte. This cycle is termed the menstrual cycle, and it 
necessitates physical, hormonal, and thermogenic alterations 
in the female body (see Table 6.2). Physical changes include 
the development and shedding of the endometrium, which 
is associated with hormonal changes such as a surge in the 
oestrogen and pituitary gonadotropins LH and FSH around 
ovulation and a progesterone surge in the mid-luteal phase 
[43]. These hormonal fluctuations bring about changes in the 
pH, and there is an elevation in the basal body temperature 
for the duration of the luteal phase. These changes signifi- 
cantly impact the survival of the spermatozoa in the female 
reproductive tract, seemingly promoting the survival and 
even transport of the spermatozoa closer to ovulation, and 
preventing their advancement when the oocyte is not ready 
to be released. 

Since spermatozoa are allogenic to the female, they may 
encounter immune cells that are meant to fight off infectious 
diseases in many regions of the female body [35]. Sperma- 
tozoa are phagositosed by lymphocytes and macrophages, 
which greatly diminish their numbers in the vagina, cervix, 
and uterus, where their presence often results in an influx of 
the immunological cells to these regions. 

Therefore, it is important to note that the normal func- 
tioning of the female body, such as the menstrual cycle and 
immune system, also has an effect on the survival of the 
spermatozoa. 


Table 6.2 The menstruation cycle [43, 56] 
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Inflammation and Antibodies 


Spermatozoa remaining in the vagina are destroyed mostly 
by the acidic pH, although some are also phagositosed by 
leukocytes [35]. Spermatozoa that stay behind in the cervix 
or uterus are cleared mainly by leukocytes, the infiltration 
of which is often induced by coitus. In animals, these leu- 
kocytes have been shown to be primarily neutrophils [44]. 

In rare cases spermatozoa may be presented to the defense 
system of the female and a defense reaction is set in motion 
as the immune system of the female forms antibodies against 
her partner’s spermatozoa [37]. Although the precise etiol- 
ogy of sperm immunity in women is unknown, there are a 
few proposed mechanisms. The most probable of these is the 
theory that if a woman expresses antibodies to her male part- 
ner’s spermatozoa, it is very likely that he already has sperm 
autoantibodies in his semen [45], and that it was exchanged 
during intercourse where they were both exposed to the same 
microbes. Another theory is that, since the uterine cervix is 
a highly efficient mucosal immune site, many IgA-positive 
plasma cells are located in the epithelial layers. Secretory 
IgA antibodies can immobilize spermatozoa [46] through 
cross-linkage to the cervical mucus, essentially preventing 
their progress to the upper regions of the female reproductive 
tract [47]. Therefore, high levels of these antibodies can ef- 
fectively prevent fertilization. Witkins et al. (1988) reported 
that in about 30% of their cases, women seemed to react to 
their partner’s sperm antigens, rather than to sperm-specific 
antigens [48] while Blum et al. (1989) observed significant 
similarities between Chlamydia antibodies and sperm anti- 
bodies in young women [49]. It is also possible that, in ad- 
dition to antibodies for sperm membrane antigens, antibod- 
ies can also be formed for some internal sperm components 
[50]. Finally, another study suggested that antibody-coated 
spermatozoa may stimulate interferon-gamma (IFN-y) syn- 
thesis by female lymphocytes, which ultimately leads to T- 
cell recruitment and subsequent initiation of sperm antibody 
production by B-lymphocytes [51]. 


Cycle phase Days Events Hormones Temperature pH Affect Other 

Early follicular 1—4 Menstrual phase; Decline in oestrogen Stable Increase Abdominal pain 
shedding of and progesterone (alkaline) Breast tenderness 
endometrium 

Late follicular 5—13 Follicle maturation, LH and FSH gradu- Stable Decrease Increased sexual 
endometrium regrows ally increases (acidic) interest 

Ovulation 14 Follicle released LH and FSH peaks Stable Decrease Increased appetite 

(acidic) 
Luteal 15-28 Uterine milk secretion Increase in estrogen Increased Decrease Fluctuating Abdominal pain 
and progesterone (acidic) mood; irritability Breast tenderness 


tension anxiety 
depression 


Headaches Fatigue 
Increased appetite 
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Menstrual Cycle 


One of the major factors that influence the survival of sper- 
matozoa is the composition of the cervical fluid, the amount 
and composition of which varies with the menstrual cycle 
under hormonal influence [52]. Spermatozoa often remain 
surrounded by cervical mucus for most of their journey to- 
ward the oocyte, as cervical mucus also enters the uterus and 
sometimes the isthmus due to the uterine muscle contrac- 
tions. The composition of the cervical fluid shortly before 
ovulation supports spermatozoa by providing an alkaline en- 
vironment and metabolic substrates such as carbohydrates, 
and also by creating mucin channels that guide the sperma- 
tozoa in the right direction [53]. Spermatozoa can survive 
in the presence of this favorable cervical fluid for 3—5 days. 
During and after ovulation the cervical mucus becomes de- 
hydrated, viscous and practically impenetrable, and passage 
of spermatozoa through the female reproductive tract be- 
comes near impossible. 


Chemotaxis and Thermotaxis in Fallopian Tubes 


There is an evidence for the existence of two complemen- 
tary guidance mechanisms at work within the fallopian tube. 
These mechanisms are geared toward guiding capacitated 
spermatozoa toward the oocyte. The longer range thermo- 
taxis is based on the relative temperature difference between 
the cooler tubal isthmus region and the warmer tubal ampul- 
la region, where the spermatozoa swim toward the slightly 
higher temperature. Once they are in the tubal ampulla and in 
closer proximity to the oocyte, a second, shorter-range che- 
motactic mechanism may serve to guide spermatozoa closer 
to the oocyte. Spermatozoa are equipped with a mechanism 
for turning toward the oocyte in response to chemotactic 
factors, as they can alternate between symmetrical flagellar 
beating and asymmetrical (hyperactivated) flagellar beat- 
ing. Odorant receptors unique to mammalian spermatozoa 
have been localized to a spot on the base of the flagellum of 
human spermatozoa [35]. Spermatozoa that were placed in a 
gradient of the pleasant-smelling odorant bourgeonal in vitro 
were reported to reorient themselves into the gradient while 
a simultaneous calcium- and cAMP-mediated signalling cas- 
cade was triggered [54]. Identifying the chemotactic odorant 
present in the oviduct could be useful during IVF treatments. 


Conclusion 


In conclusion, to enable fertilization to take place, both the 
male and the female have adopted mechanisms for protect- 
ing spermatozoa on their journey toward the oocyte. This 
means that, in addition to the inherent female processes that 
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affect sperm function, there are many other obstacles that 
the spermatozoa encounter in the female reproductive tract, 
all of which may exist for one reason: to naturally select for 
physiologically superior spermatozoa to reach the site of fer- 
tilization, thereby increasing the chance of successful con- 
ception. 
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Potential Male Etiologies 
of Unexplained Infertility 


Brent M. Hardin and Edward D. Kim 


Introduction 


Male factor infertility contributes to one-half of all infertile 
couples. Of these, approximately 40% have an unknown 
cause. This subgroup can be divided into two categories 
based on the results of two properly obtained semen analyses 
(SA): idiopathic male infertility (IMI) and unexplained male 
infertility (UMI). Both groups exhibit normal physical exam 
findings and endocrine evaluations, but they are different in 
the fact that men with IMI have abnormal semen analyses 
while men with UMI have normal semen parameters. 

The semen analysis is an important laboratory test and a 
cornerstone for the assessment of male fertility, but normal 
semen parameters do not guarantee fecundity. Basic semen 
analysis testing does not assess the functional capabilities of 
sperm. Understanding this concept is critical in the manage- 
ment of the subfertile male population. 

An understanding of recent changes in the 2010 World 
Health Organization (WHO) reference values for semen 
analyses is of importance. The WHO examined seminal 
parameters of roughly 2000 men from eight nations who 
had conceived children in 12 months or less after stopping 
contraceptive measures. As compared to the reference val- 
ues from the 4th ed., the 2010 update lowered the reference 
values for sperm concentration and total seminal volume by 
25%, which in effect increases the number of infertile men 
that now have normal semen parameters [1]. Many of these 
men, who were previously identified as idiopathic male in- 
fertility, now fall into the category of UMI that is defined 
as an infertile man with normal semen analyses, a normal 
physical exam, a normal endocrine profile, and no identi- 
fiable female cause. It is estimated that 6-27 % of infertile 
men fall into the category of UMI [2]. 
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Initial Investigation 


A critical step in the initial management of a male patient 
with unexplained infertility is determining if he truly quali- 
fies to be diagnosed as such. Therefore, the clinician must 
eliminate readily identifiable causes of infertility at presenta- 
tion. The basic male infertility evaluation starts with a histo- 
ry and physical examination. Conditions, such as varicocele, 
obvious reproductive tract anomalies, and sexual behavior, 
are also discovered on this initial visit. Two properly col- 
lected semen analyses with 2—3 days of abstinence should be 
obtained and an initial hormonal evaluation should include 
a serum follicle stimulating hormone (FSH) and testosterone 
level. 

The following must be confirmed for a patient to be clas- 
sified as UMI: 

1. Absence of a female factor 

2. Proper coital technique and timing 

3. Normal semen analyses 

These three facets are usually examined before the couple 
meets with the andrologist. In short, the female should be 
questioned and examined to confirm a normal ovulatory 
cycle and patency of her fallopian tubes. The topics involv- 
ing the female evaluation will be discussed in much greater 
detail in other chapters of this book. 

Proper technique and timing of sexual intercourse is cen- 
tered around ensuring that viable sperm are present in the fe- 
male reproductive tract during the 12—24 h time frame when 
the ovum is present in the fallopian tube and capable of being 
fertilized. To allow for this to occur, experts recommend 
having intercourse every 2 days around the time of ovulation 
[3]. Avoidance of artificial lubrication will also increase the 
likelihood of proper sperm delivery. Penile anatomic abnor- 
malities, such as hypospadias and erectile dysfunction, can 
also affect the delivery of the ejaculate to the cervix. 
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Table 7.1 Potential causes of UMI 

Potential etiologies of unexplained male infertility 
Poor sexual function and/or technique 
Immunologic: antisperm antibodies 

Errors in spermatogenesis 


B. M. Hardin and E. D. Kim 


Genetic causes: mutations, chromosomal nondisjunction, damage to DNA integrity 


Oxidative stress 


Defects in sperm fertilization potential: poor ZP binding/penetration, defects in capacitation 


Potential Causes 
Immunologic Causes 


The topic of antisperm antibodies (ASA) and immunologic 
infertility remain controversial among some experts in an- 
drology, but it is certainly worth mentioning in the discus- 
sion of UMI (Table 7.1). An in-depth discussion on this 
subject will occur in a later chapter, but an overview of anti- 
sperm antibodies and their potential deleterious effects will 
be covered here. Antisperm antibodies have historically been 
implicated in 4% of male infertility patients and up to 40% 
of males with unexplained infertility [4, 5]. Our understand- 
ing of immunologic infertility stems from the knowledge 
that the testis, and therefore, the developing spermatozoa 
are within the privileged blood-testis barrier. Any insult that 
disrupts this barrier has the potential to damage sperm by 
exposing antigens on the spermatozoa, which the body then 
attacks. 

One can divide the broader topic of immunologic infertil- 
ity into the two categories of basic immunology: humoral 
and cellular. Humoral immunity accounts for ASA, which 
are present in 10% of infertile men versus only 2% of fer- 
tile men [6]. These antibodies can usually be found in three 
locations: serum, seminal plasma, and bound to sperm. The 
sperm-bound antibodies are the most clinically relevant [7]. 
In addition, sperm antibodies can be found in cervical fluid 
in 7-17% of infertile women [8, 9]. 

While commonly associated with low sperm motility, an- 
tisperm antibodies can be present in men with normal semen 
parameters. The diagnosis of immunologic infertility should 
be suspected in all cases of UMI, in addition to the following 
scenarios [10]: 

1. Sperm agglutination or clumping in the absence of infec- 
tion 

2. Low sperm motility in a patient with a history of testis 
trauma or surgery 

3. Confirmation of increased number of leukocytes on SA 

4. Sperm “shaking” on sperm—cervical mucus testing 

5. Poor penetration of mucus on a postcoital test 

Our knowledge of cellular immunity and male infertility is 

based on studies of testes with a history of testicular torsion 

and testes that had undergone orchidopexy for failure to de- 


scend into the scrotum. Multiple studies have examined the 
testis before and after testicular torsion for the presence of 
ASA, and have concluded that despite a preexisting defect 
in spermatogenesis in some of the torsed testes, the torsion 
event itself does not increase the incidence of antisperm an- 
tibodies [11—13]. 

However, in the circumstance of orchidopexy, evidence 
exists of an increased risk of ASA that is even higher with 
increasing age toward puberty at the time of orchidopexy 
[14]. Other potential disease states that have been linked to 
ASA include vasectomy, vasectomy reversal, epididymal 
and ejaculatory obstruction, orchitis, prostatitis, malignan- 
cies of the lower urinary tract, varicoceles, testis biopsy, and 
sexual trauma [10]. 


Errors in Spermatogenesis 


The biologic pathway and physiologic function of sperm 
will be explored in subsequent chapters, but a brief mention 
regarding the basics of sperm function is worth noting. The 
first major step in sperm development is when Type B sper- 
matogonia undergo mitosis to give rise to diploid primary 
spermatocytes. The primary spermatocyte crosses over the 
blood-testis barrier of the Sertoli cell tight junctions to begin 
the differentiation process of spermatogenesis within the im- 
mune-privileged adluminal compartment. Meiosis then oc- 
curs to give rise to haploid secondary spermatocytes, which 
undergo a second meiotic division with the entire process 
resulting in four haploid spermatids [15]. 


Genetic Causes 


There are three basic genetic causes of UMI, and will be 
discussed separately as: alterations in chromosomal comple- 
ment, gene mutations and polymorphisms, and DNA integ- 
rity defects. 

Genetic recombination is a necessary step in spermato- 
genesis as it provides genetic variation and prepares for 
chromosomal separation later on in meiosis. An error 
in this process has been reported in 10% of patients with 
nonobstructive azoospermia, and in one-half of men with 
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specific diagnosis of maturation arrest [16]. Errors of re- 
combination are commonly known as nondisjunction events, 
which result in either a missing or an extra chromosome. An 
abnormal number of chromosomes is simply referred to as 
aneuploidy. Increased paternal age, ingestion of alcohol, and 
previous treatment with chemotherapy have been implicated 
in cases of aneuploidy; although, the exact cause has yet not 
been discovered [17]. Further, testing for this condition is 
expensive and therapeutic options are limited. 

The role of specific gene mutations on UMI has been ex- 
trapolated from multiple animal studies on mice. These stud- 
ies have identified 300 null mutations and 50 additional dele- 
tions that produce murine infertility [17]. In human studies, 
DNA microarray analysis has demonstrated underexpression 
of specific genes in normospermic infertile males compared 
to fertile controls [18]. Further studies are needed in this area 
before any definitive conclusion can be made. 

Damage to the integrity of DNA may also affect sperm 
function. It has been observed that increased DNA damage 
leads to inferior outcomes with IVF and ICSI [19], and it is 
estimated that 8% of infertile men have DNA damage de- 
spite a normal semen analysis [20]. Potential contributors to 
DNA damage can be classified as either extrinsic or intrinsic 
factors. Examples of extrinsic causes, include heat, tobacco 
exposure, alcohol exposure, radiation, and other gonado- 
toxins. Intrinsic factors identified, include protamine defi- 
ciency, specific genetic mutations, reactive oxygen species, 
and aging [17]. One can examine for DNA damage by test- 
ing for chromatin compaction (assesses DNA susceptibility 
to gonadotoxins) or by testing for DNA fragmentation [21]. 
However, routine use of these assays is controversial and not 
yet endorsed by society guidelines. 


Oxidative Stress 


Oxidative stress is known as the effect induced on cells by 
reactive oxygen species (ROS), and is a known contributor 
to male infertility in up to 80% cases [22, 23]. There are 
many documented causes of oxidative stress, most of which 
contribute to damaging the DNA integrity as discussed pre- 
viously. Smoking tobacco has been shown to significantly 
increase ROS, both, by increasing leukocyte concentration 
and ROS generation in semen and also by decreasing the 
level of seminal superoxide dismutase, an antioxidant en- 
zyme that combats ROS [24]. Varicoceles have also been 
shown to cause increased ROS levels, and surgical repair by 
varicocelectomy leads to a decline in ROS in the testes as 
well as in the seminal fluid in addition to an improvement in 
overall sperm quality [25]. 

ROS have the potential to cause infertility without af- 
fecting commonly measured semen parameters. Thus, many 
men with infertility secondary to ROS fall into the category 
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of UMI as they have normal semen analyses. Finally, the 
presence of increased ROS is an independent marker of male 
factor infertility [26]. 

If oxidative stress is suspected as a cause of UMI, one can 
test for it either by directly detecting ROS via chemilumines- 
cence or flow cytometry, or indirectly via colorimetry [17]. A 
later chapter is dedicated to the topic of ROS and will discuss 
these methods in further detail. 


Sperm Fertilization Defects 


Sperm function may be affected by each of the previous 

listed causes of UMI. Antisperm antibodies can affect the 

fertilizing capability of the mature spermatid by diminishing 

sperm motility and decreasing the ability of the spermatid 

to pass through the cervical mucus and the remainder of the 

female reproductive tract to interact with the oocyte. This is 

highlighted by the following processes associated with ASA 

[10]: 

1. Agglutination of sperm, rendering them immobile and 
incapable of penetrating cervical mucus 

2. Immobilization of sperm by female-derived ASA encoun- 
tered in cervical mucus 

3. Opsonization of the sperm-antibody complex within the 
female reproductive tract 

4. Prevention of binding of sperm to the zona pellucida (ZP) 

5. Prevention of penetration of the oocyte 

Thus, sperm function is hindered by the activity of antisperm 

antibodies in multiple fashions. 

Sperms may also have isolated defects in either capacita- 
tion or ZP binding and penetration. Each of these topics will 
be discussed in brief detail accordingly. 

Capacitation is actually the summation of two separate 
events in sperm function: hyperactivation and acrosomal re- 
action [27]. Hyperactivation describes the process by which 
a sperm acquires a less-progressive and more haphazard mo- 
tility, while the acrosomal reaction is the process whereby 
the sperm plasma membrane fuses with the acrosomal mem- 
brane at the time of ZP binding [17]. Errors in either mecha- 
nism prevent sperm from reaching and binding to the ZP. 

Defects in ZP binding have been documented in 13% of 
subfertile men with normal semen analyses [28]. It has been 
demonstrated that there are four distinct ZP glycoproteins 
expressed on the human ZP to make up its outer shell and to 
provide the attachment points by which capacitated sperm 
bind to the ZP to undergo the acrosomal reaction [29]. Spe- 
cific genes for each glycoprotein provide for the expression 
of the respective glycoprotein. Genetic mutations could play 
an additional role in UMI via defective production of the ZP 
glycoproteins. Finally, acrosome-reacted sperm must under- 
go proper fusion with the plasma membrane of the ZP. 
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Conclusions 


With the recent modification to the WHO classification of 
male infertility based on semen analyses [1], larger number 
of men will present to andrologists with UMI. Treatment 
strategies are modified according to findings on subsequent 
evaluation. Assisted reproductive techniques remain an op- 
tion for most couples with UMI. Further studies are needed 
to provide better insight in regards to cost-benefit analyses 
and success of various interventions. 
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Genetic Basis of Unexplained Male 


Infertility 


Ricardo Miyaoka and Sandro C. Esteves 


Introduction 


Infertility is determined by the inability of a couple to 
achieve pregnancy after 1 year of noncontraception and reg- 
ular intercourse [1]. In this scenario, it is expected that 84% 
of healthy young couples attain pregnancy within 1 year [2]. 
Nevertheless, 13—15% of couples remain childless after this 
period, which represents approximately 140 million people 
in a global perspective [3]. As such, several societies’ guide- 
lines recommend that investigation start at this point or even 
earlier in the presence of risk factors including advanced 
maternal (>35 years) or paternal (> 45 years) age, history of 
urogenital surgery, cancer, cryptorchidism, varicocele, orchi- 
tis, genital infection, etc., [4]. 

Concerning males in reproductive age, it is estimated that 
8% seek medical counseling for infertility-related problems 
[5]. However, in spite of the proper diagnostic workup, and 
as our knowledge of all events involved in normal conception 
is still limited, we fail to determine the cause of infertility in 
nearly half of these cases. Also, it remains difficult to find 
a threshold from which fertile or infertile ejaculates can be 
identified based on the results of conventional semen analy- 
sis [6]. Likewise, it is impossible to make a final diagnosis 
of infertility solely based on conventional approaches [7, 8]. 

Despite the evolving advances in assisted reproductive 
technology (ART) as a therapeutic option to overcome in- 
fertility, the use of genetically compromised spermatozoa 
in ART has been associated with a wide range of adverse 
outcomes including abnormal embryo development, which 
may either fail to implant or result in an increased risk of 
miscarriage and defects in the offspring [9]. In fact, embryo- 
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genesis and development of a full-term pregnancy depend 
on the integrity of the genetic information of both male and 
female gametes. 

Infertile men with unexplained infertility (UI) present 
with normal semen analysis parameters according to the 
World Health Organization (WHO) criteria [10] and no 
obvious fertility problems detected on initial workup [11]. 
Abnormalities are likely to be present but are not detected 
by conventional approaches. Genetic defects may be partly 
or entirely involved in the true cause of infertility in such 
men. In this chapter, we first present basic genetic concepts 
and discuss the genetic background of male infertility. Then, 
we specifically discuss the genetic disorders associated with 
unexplained male infertility. Finally, we outline the testing 
performed to diagnose genetic conditions associated with 
male UI and propose a workup plan for genetic evaluation 
of men with UI. 


Genetic Concepts: A Brief Overview 


Somatic cells harbor the human genome comprised of 23 
pairs of nuclear chromosomes. These, in turn, result from the 
combination of 22 pairs of autosomes and 1 pair of sex chro- 
mosomes. These nonreproductive cells are the very basic 
units of all human tissues. Germ cells (oocytes and sperma- 
tozoa), on the other hand, contain solely 23 chromosomes 
(not pairs) and are haploid. The human genome also includes 
mitochondrial chromosomes originated from the cytoplasm 
of the fertilized ovum, thus inherited from the mother’s side 
[12]. Mitochondrial chromosomes are only 16 Kb long (less 
than 0.03 % the length of the smallest nuclear chromosome) 
and encode 13 key structural genes as well as several struc- 
tural ribonucleic acid genes (RNA) [13]. 

Nuclear chromosomes are composed of chromatin, a 
complex of unbroken long double-stranded helical DNA 
carrying genes and proteins. Chromatin basic subunits are 
called nucleosomes, which are composed by DNA wrapped 
around proteins (histones). The DNA single strand is formed 
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from units called nucleotides, a composition of nitrogenous 
bases (adenine, guanine, cytosine, and thymine or A, G, C, 
and T, respectively), deoxyribose and phosphate. Nucleo- 
tides polymerize in long polynucleotide chains through 5'-3' 
phosphodiester bonds between adjacent deoxyribose units. 
Hydrogen bridges interconnect base pairs through specific 
nitrogen bases to form the DNA double helix. It is estimated 
that the human genome contains 6 to 7 billion base pairs in 
its diploid form. There are five main types of histones desig- 
nated H1, H2A, H2B, H3, and H4. They play a major role in 
chromatin fiber storage. Two copies of each of these histones 
form an octamer around which DNA wraps itself. Approxi- 
mately 140 DNA base pairs are associated with a histone 
center [12]. After a short “spacing” DNA segment of 20—60 
base pairs another DNA complex center is formed (Fig. 8.1). 

Genes can be defined as stretches of DNA sequence that 
encode different functions including protein synthesis after 
mRNA transcription and functional RNA synthesis. There 
are about 40 million genes in the human genome [12]. Very 
few genes exist as continuous coding sequences (called 
“exons”); the vast majority is interrupted by noncoding re- 
gions called “introns.” Introns are initially transcripted to 
RNA in the nucleus; however, mature mRNA is not found in 


Fig. 8.1 Structure of nuclear 
metaphase chromosome. The 
chromatin is a complex of 
unbroken long double-stranded 
helical DNA carrying genes and 
proteins. The nucleosome is the 
basic chromatin subunit com- 
posed of DNA wrapped around 
histones. (Reprinted from [12], 
p. 114. With permission from 
Jaypee Brothers Med. Publishers 
Ltd.) 
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the cell cytoplasm and therefore introns are not represented 
in the protein end product. Although some genes lack in- 
trons, the majority contains at least one or several of them 
[13]. Interestingly, introns rather than exons constitute the 
greater part of the gene length. Introns are removed from 
synthesized RNA by splicing. This process also joins exons 
to form mRNA that codes-specific protein synthesis. 

The term “locus” defines the exact position a gene oc- 
cupies on a chromosome while the term “allele” stands for 
a variant form of a specific gene. A gene is represented by 
two alleles. When both alleles are identical the individual 
is termed homozygous for that gene. However, when they 
are different the individual is termed heterozygous for such 
gene. 

Genotype is the genetic code that determines physical and 
functional traits of an individual. The genotype is not sensi- 
tive to environmental factors. In contrast, phenotype refers 
to the peculiar characteristics and traits of an individual such 
as external appearance, biochemical or molecular properties, 
and behavior. In other words, phenotype is the sole expres- 
sion of the genotype, and this correlation may be altered by 
environmental factors. 
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There are basically four DNA nucleotide sequence varia- 
tions [12]. The first is the single-nucleotide polymorphism 
(SNP), which is a single-nucleotide alteration along the 
DNA sequence that occurs at a rate of 1 in every 1250 bases 
throughout the 3 billion base pairs of the human genome. Up 
to 20 million SNP exist, although not evenly distributed. As 
an example, SNP may alter the DNA nucleotide sequence 
from AAGGTAA to ATGGTAA, which is a variation found 
in at least 1% of the human population, and that may occur 
in both coding (exons) and noncoding regions (introns). 
Most SNPs have no pathological significance; however, 
very few code for new amino acids or have a role as stop 
codon, that is, signal a termination in translation. The second 
variation of DNA nucleotide sequence is a mutation. Muta- 
tions are considered as a type of SNP by Hamada et al. [12]. 
However, unlike SNPs, mutations affect less than 1 % of the 
general population and most of them correlate with harm- 
ful events. The term “mutation” refers to a novel genetic 
change which was not previously known in a family and, 
sometimes, may allude to an abnormal allele. Alterations in 
DNA sequence may contribute to diseases or adverse effects 
on the host or offspring. Mutations may occur in germ cells 
during gametogenesis (sperm or oocyte formation) and are 
usually transmitted to the offspring or render the host infer- 
tile. Transmitted mutations may determine different degrees 
of disease severity ranging from minor physiologic modifi- 
cations to death. Somatic mutations usually alter the genetic 
load after conception and play a key role in the pathogenesis 
of human diseases, notably cancer. In other cases, mutations 
solely represent phenotype variations. The third variation of 
DNA nucleotide sequence is short tandem repeats (STR), or 
in other words, sequences of two to four base pairs such as 
CG and CAG that repeat in tandems and may occur in exons, 
introns, and 5’ genomic sequences. Expansion of such re- 
peats may be associated with neurodegenerative disorders 
and fragile X syndrome [12]. Finally, the last one is the copy 
number variation (CNV), a relatively common type of struc- 
tural genetic sequence change that affects 8-12 % of human 
genome [14]. The CNV requires a long DNA segment of 
over 1000 bases to be inserted or deleted. The CNV may af- 
fect one gene or a complete set of genes and usually results 
in an increased frequency of its expression or in the amount 
of the coded protein. Although harmless in the vast majority 
of cases, CNV has been associated with cancer and increased 
susceptibility to systemic lupus erythematous [12]. 

Genetic diseases can be didactically classified in four 
major categories: chromosomal disorders, single-gene mu- 
tation-related disorders, multifactorial disorders, and mito- 
chondrial genetic disorders [12]. Chromosomal disorders are 
chromosomal numeric abnormalities (aneuploidy) or struc- 
tural changes. Single-gene disorders occur in a Mendelian 
fashion or can be sex linked. Multifactorial disorders involve 
alterations in the expression of multiple genes and are likely 
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influenced by environmental factors affecting the resulting 
phenotype. Mitochondrial genetic disorders are maternal re- 
lated and contribute to certain debilitating states. 


Role of Genetics in Male Fertility 


Sperm production is controlled by genetic factors and in- 
volves three distinct phases: (i) mitotic proliferation of 
spermatogonial cells into primary spermatocytes; (ii) mei- 
otic division of spermatocytes generating haploid secondary 
spermatocytes after the first meiotic division, and haploid 
spermatids after second meiotic division; and (iii) spermio- 
genesis of the haploid spermatids. Hence, a single-diploid 
spermatocyte will eventually generate four haploid sper- 
matids (Fig. 8.2). Spermatogonial series are kept in a latent 
state inside the fetal testis until puberty when they increase 
in number by repeated mitotic divisions. The full process of 
spermatogenesis starts in adolescence (between 13 and 16 
years). It has been estimated that 2000 genes are essential 
for spermatogenesis and spermiogenesis, from which only 
30 genes are present in the Y chromosome [15, 16]. 

Genetic diversity takes place during the prophase of the 
first meiotic division. Sister chromatids of paired homolo- 
gous chromosomes form areas of synaptonemal contact dur- 
ing the pachytene stage. These contacts enable chromatids 
to exchange segments of genetic material between homolo- 
gous chromosomes resulting in the formation of new chro- 
mosomes. Next, separation of the homologous chromosomal 
pairs is followed by the second round of meiotic division 
which results in spermatid formation. During the last phase 
of spermatogenesis, round spermatids undergo cytologic 
transformations in a process called “spermiogenesis” to 
form elongated spermatozoa. Nuclear chromatin condensa- 
tion, acrosomal cap formation and midpiece and flagellar 
structure development are the three essential steps of sper- 
miogenesis [12]. 

Chromatin modification and condensation during sper- 
miogenesis are essential for sperm function. The coiling of 
human sperm DNA material is mediated by specific proteins 
which control condensation and decompression in a time-de- 
pendent manner. During the condensation process, 90—95 % 
of histones are replaced by protamines [17]. Protamination 
of sperm chromatin not only facilitates the nuclear compac- 
tion necessary for adequate sperm motility but also helps to 
protect the genome from oxidizing and harmful molecules 
within both the male and female reproductive tracts [17]. 
It also diminishes DNA transcriptional activity. Transition 
proteins | and 2 (TP1 and TP2) are proteins of intermediate 
basicity that bind to the DNA and facilitate removal of his- 
tones. Finally, transitional proteins are completely replaced 
by protamines [18]. 
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Fig. 8.2 Gene organization, 
splicing process, and post- 
translational protein synthesis. 


R. Miyaoka and S. C. Esteves 


Sense strand 


(Reprinted from [12], p. 115. exon Exon? non’ Exons 
With permission from Jaypee 
Brothers Med. Publishers Ltd.) 5 3 
3 5’ 
Transcription 


Primary RNA 


m5 Cap 


Poly (A) ny 


— Vè Q 


Protein 


Two types of protamines (P1 and P2) are expressed in 
humas in an equally balanced amount [19]. Improper pro- 
cessing of protamine transcripts and altered P1/P2 ratio are 
associated with subfertility [20, 21]. Chromatin compaction 
is the result of disulfide bonds among protamines, which pro- 
vide the formation of toroid chromatin structures with high 
resistance to mechanical disruption [22]. Protamines contain 
large bands of positively charged arginine residues which 
neutralize the negative phosphodiester backbone of the 
DNA. Such configuration minimizes DNA repulsion allow- 
ing it to double back and fold up onto itself, thus creating the 
highly compact toroid [23]. Toroids are the most compressed 
form of sperm DNA. They are stacked side-by-side in a way 
to provide maximum surface area allocation (Fig. 8.3). Tight 
condensation makes the DNA resistant to endonuclease di- 
gestion [24]. Matrix attachment regions (MARs) are located 
between each protamine toroid, anchoring them in place (to- 
roid linkers). MARs are very sensitive to nuclease activity 


Intron lariat 


Translation 
Post-translational 


processing 


as they contain histones. In addition to providing the link 
between DNA and the nuclear matrix, MARs also serve as a 
checkpoint for sperm DNA integrity. Protamination not only 
protects sperm chromatin from damage during transport but 
also plays an epigenetic role in silencing protamine-bound- 
ed genomic regions until time comes for transcription [25]. 
Once the spermatozoon fuses with the oocyte, protamines 
are completely replaced by histones from the oocyte within 
the first 4 h. 

The second most prevalent form of sperm DNA structure 
is histone-bound DNA, accounting for about 4 % of the DNA 
in mature sperm. Histones are primarily found in association 
with gene promoter sites. Genes vital for spermiogenesis and 
early fertilization events are preferentially associated with 
histones [26, 27]. Human histones are more precisely as- 
sociated with miRNA clusters, HOX gene clusters, and the 
promoters of stand-alone developmental transcription and 
signaling factors [26]. Since sperm DNA histones are not 


8 Genetic Basis of Unexplained Male Infertility 


Fig. 8.3 Sperm DNA structure. 
(Adapted from [12], p. 119. With 
permission from Jaypee Brothers 
Med. Publishers Ltd.) 
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replaced by those of the oocyte after fertilization, it is likely 
that inflicted damage to histone-bound sperm DNA will be 
transmitted to the embryo without detection and possible 
modification. 

Genetic abnormalities including chromosomal aberra- 
tions and monogenic diseases have been estimated to re- 
spond for 10—15% of human infertility cases [28]. Infertile 
men with genetic alterations usually present with impaired 
spermatogenesis, genital structural abnormalities, reduced 
testicular size, hypogonadism and sperm dysfunction, al- 
though no detectable abnormalities can also be seen. One 
important genetic aspect associated with infertility and nor- 
mal phenotype is sperm chromatin damage [29-33]. A wide 
range of clinical scenarios may arise from sperm DNA dam- 
age including infertility, miscarriage, and increased risk of 
defects in the offspring [34-37]. Infertile males usually have 
high rates of sperm DNA damage which are mainly asso- 
ciated with oxidative stress (OS). A chapter in this book is 
dedicated to OS in unexplained male infertility. 


Genetic Disorders Associated with UI 


Genetic abnormalities with possible roles in unexplained 
male infertility can be grouped into five main categories: (i) 
chromosomal defects in the somatic cells, (ii) gene muta- 
tions and polymorphisms in the somatic cells, (iii) sperm 
DNA damage, (iv) sperm chromosomal abnormalities, and 
(v) epigenetic disorders. The first two categories affect in- 
dividuals with abnormal genotypes in somatic cells while 
sperm DNA damage and epigenetic disorders affect individ- 


uals with normal genotypes in somatic cells. Sperm chromo- 
somal abnormalities can be originated from both individuals 
with abnormal and normal genotypes. 


Chromosomal Defects 


Chromosomal defects are the most common genetic abnor- 
malities in infertile males, accounting for 2.1—15.5 % of cases 
[38]. Klinefelter syndrome, chromosome translocations, 
inversions, and deletions fall in this category, and the vast 
majority of affected individuals display severely compro- 
mised semen quality. Translocation carriers, however, may 
present with different sperm production phenotypes, varying 
from normal spermatogenesis to inability to produce sper- 
matogonia [39]. Chromosomal translocations occur when 
nonhomologous chromosomes exchange segments. Trans- 
locations involve both sex chromosomes and autosomes, 
which can be either balanced or unbalanced; most often they 
are either associated with severe sperm abnormalities or le- 
thal for fetuses. Robertsonian translocation (RT) represents 
a translocation category in which two acrocentric chromo- 
somes fuse at the region next to the centromere causing loss 
of their short arms. The resulting balanced karyotype has 
only 45 chromosomes including the chromosome with the 
translocation, which is actually constituted by long arms of 
two chromosomes. As the short arms of the five acrocentric 
chromosomes (chromosomes 13, 14, 15, 21, and 22) harbor 
multiple copies of ribosomal RNA, the loss of their short 
arms is not harmful. RTs are the most frequent structural 
chromosome abnormalities in humans, affecting the fertility 
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status of one in 1000 men [28]. Although their prevalence 
in subfertile males is estimated to be only 0.8%, it is nine 
times higher than in the general population [40]. In heterozy- 
gous carriers, RT chromosomes and their acrocentric homo- 
logues may undergo either alternate segregation or adjacent 
segregation at meiosis. Alternate segregation results in the 
formation of balanced gametes carrying either RT or normal 
karyotype, whereas adjacent segregation leads to the forma- 
tion of aneuploidy gametes. Carriers of RTs may exhibit nor- 
mal phenotype but otherwise be infertile due to more or less 
severe oligozoospermia [38]. In addition, RT may predispose 
to abnormal embryo development that account for few cases 
of UI [41]. There is also a risk of unbalanced gamete produc- 
tion and therefore an increased risk of spontaneous abortion 
and unbalanced offspring. The most relevant clinical situa- 
tion involves carriers of translocations in chromosome 21 as 
they are at risk of producing a child with Down syndrome 
due to a 21q trisomy inheritance. 


Gene Mutations 


Like chromosomal defects, gene mutations are usually relat- 
ed to severely abnormal sperm production phenotypes. Mi- 
crodeletions in the Y chromosome azoospermia factor (AZF) 
region, mutations in the cystic fibrosis gene, and mutations 
and polymorphisms of the androgen receptor gene are classic 
examples of genetic abnormalities in this disease category. 
In the context of UI, however, abnormalities of interest in- 
clude mutations of cation channel of sperm (CatSper) and 
sperm mitochondrial genes. 


CatSper Gene In humans, sperm hyperactivation is not as 
well defined as it is for other species, and only a small part 
of the sperm population undergoes hyperactivation at each 
time. The proportion of sperm exhibiting hyperactivated 
motility is positively correlated with the extent of zona bind- 
ing, acrosome reaction, zona-free oocyte penetration, and 
fertilization capacity in vitro. Studies have demonstrated that 
voltage-gated calcium channels (Cation CatSpe; CatSper 
1-4) and proton pumps located in the principal piece of the 
sperm flagellum regulates hyperactivation [42, 43]. Intracel- 
lular calcium entry is induced by intracellular alkalinization 
secondary to H* extrusion through voltage-gated proton 
pumps [43]. Variations in intracellular pH and calcium also 
regulate the sperm ability to fertilize the egg [42]. CatSper 
ion channel is a recently discovered protein complex com- 
posed of six subunits. Among these, four are a subunits 
(CatSper 1-4) with calcium-selective pore while two are 
transmembrane proteins with large extracellular domains 
and unknown function (CatSper beta and CatSper gamma) 
[44]. In a study involving infertile men with normal semen 
parameters, Avenarius et al. noted that patients with mutated 
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CatSperl gene had an abnormally low proportion of sperm 
exhibiting hyperactivation [45]. In addition, a study in mice 
has shown that mutations in each CatSper (1—4) ion chan- 
nel protein led to infertility despite normal seminal param- 
eters and testicular development [46]. CatSper 1, 2, 3, and 
4 have been mapped to chromosomes 11q12.1, 15q13-q15, 
5q31.2, and 1p35.3, respectively. Further studies are needed 
to clarify the genetic and molecular nature of fertilization 
in patients with defective hyperactivation and UI. Also, the 
impact of minor mutations in human CatSper (1—4) genes in 
men with UI is yet to be determined. 


Sperm Mitochondrial DNA (mtDNA) Mutations Spermato- 
zoa mitochondria are located around the midpiece in a heli- 
cal arrangement containing 1-2 mtDNA. mtDNA encodes 
37 genes that regulate oxidative phosphorylation. It differs 
from nuclear DNA in respect to replication, repair mecha- 
nism, genome packing, and position. In addition, mtDNA is 
not protected by histones and is physically associated with 
the inner mitochondrial membrane, where highly mutagenic 
oxygen radicals are generated in the respiratory chain [47, 
48]. The leakage of these free radicals makes mitochondria 
a major source of reactive oxygen species (ROS). These fea- 
tures may explain why mtDNA is more prone to mutations 
than nuclear DNA [38, 49]. Besides, excess production of 
ROS may induce the opening of the membrane permeability 
transition pore and release of free radicals, cytochrome C, 
and other factors that may ultimately lead to sperm apoptosis. 

Most studies focusing on sperm mtDNA mutations and 
infertility have shown that sperm phenotypes display motil- 
ity abnormalities related to dysfunctional axonemes [50]. 
However, Jensen et al. studied the mtDNA polymerase 
gamma gene (POLG) in patients with UI and found that 
CAG repeat lengths ranged from 8 to 13 triplets. Homozy- 
gotes with ten repeats in both alleles (10/10) were the most 
common, and constituted 75 % of all subjects. These authors 
found that 14.3% of men with UI were homozygous not10/ 
notl0 compared with only 2.3% in the unselected control 
group (P=0.001) and 0.9% in the fertile group (P=0.0001). 
The odds ratio of having not10/notl0 and being normo- 
zoospermic and infertile was 18.1 (95% CI 3.3—184) [51]. 
Despite the undefined role of determining mtDNA mutations 
as a marker of male infertility, prognosis for pregnancy is 
good in cases treated with ART since mtDNA is not transmit- 
ted to the offspring [38]. 


Sperm DNA Damage 


Sperm chromatin integrity is crucial to normal reproduc- 
tive outcomes and its disturbance has been associated with 
infertility, decreased embryo quality and implantation in 
ART, and increased miscarriage [30, 31, 34-36]. A normally 
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packaged chromatin in the nucleus of mature spermatozoa is 
important not only for DNA accommodation but also DNA 
protection. DNA-strand breaks are often seen as a result of 
oxidative stress during sperm DNA packaging; however, 
such breaks are corrected by a complex mechanism involv- 
ing phosphorylation and polymerization. It has been hypoth- 
esized that OS may disrupt spermiogenesis and result in the 
production of sperm with poorly remodeled chromatin [52]. 
These defective gametes are released from the testes carry- 
ing a tendency to undergo apoptotic events that include the 
activation of free radical generation by mitochondria. As a 
consequence, lipid peroxidation and oxidative DNA frag- 
mentation are induced, ultimately resulting in cell damage. 
Although the likely result is infertility, these defective cells 
may still fertilize oocytes. 

In general, oocytes have repair mechanisms that can allevi- 
ate the mutational load to be carried by the embryo. However, 
the effectiveness of such repair mechanisms is negatively af- 
fected by female age [53]. When sperm DNA fragmentation 
repair fails, de novo genetic mutation will be transmitted to 
the embryo. Such mutations may lead to different scenarios 
including embryo development arrest, increased risk of mis- 
carriage, and increased risk of infertility, childhood cancer 
and imprinting diseases in the offspring [54]. 

DNA damage may result from both intrinsic and extrin- 
sic disturbances usually associated with OS. Intrinsic causes 
include, for example, protamine deficiency and DNA pack- 
aging defects [55]. A small, nonclinically significant per- 
centage of spermatozoa from fertile men possess detectable 
levels of DNA damage. However, sperm DNA damage is 
increased in infertile men [31, 56]. It has been shown that 
approximately 5-15% of the latter have complete protamine 
deficiency thus rendering DNA vulnerable to attacks such 
as those inflicted by ROS [17, 20]. External factors include 
genital inflammation, heat, radiation, chemotherapy, and 
cigarette smoking [57]. Cigarette smoking generates high 
levels of OS, directly increasing seminal leukocyte concen- 
trations and seminal ROS generation, which are known to 
induce OS. Smoking also reduces the concentration of an- 
tioxidants in the seminal plasma thus decreasing its oxidant 
scavenging capacity [58—60]. 

Rybar et al. studying sperm DNA fragmentation index 
(DFI), found that the proportion of sperm with fragmented 
DNA was significantly higher in normozoospermic men 
from couples with UI compared with young men with no in- 
fertility history (DFI 17.4%+10.8% versus 12.2 %+7.3%; 
P<0.01) [7]. Earlier studies have also suggested that sperm 
chromatin damage in male partners from couples with UI was 
higher than fertile males (1.9%+ 1.1% versus 0.3 %+0.4%, 
P<0.05), but its association with semen quality as conven- 
tionally assessed had been ambiguous [61—63]. Abnormally 
elevated levels of sperm DNA damage have been observed 
in approximately 5% of infertile men with normal semen 


63 


analysis in comparison with 25% of counterparts with ab- 
normal semen analysis. At present, it seems sound to assume 
that the poor-quality sperm chromatin is indicative of male 
subfertility regardless of number, motility, and morphology 
of spermatozoa [31, 32, 56, 64]. In fact, in a prospective 
study involving 165 couples (presumably fertile) seeking 
fertility counseling in the USA, sperm chromatin structural 
assay (SCSA), which is one of the methods for sperm DNA 
integrity assessment, has proved to be the best predictor for 
successful pregnancy in first pregnancy planners as well as 
in couples undergoing intrauterine insemination (IUT) [30]. 
Currently, sperm DNA fragmentation assessments are con- 
sidered useful tools in the investigation, counseling, and 
treatment of infertile couples [65]. 


Sperm Chromosomal Abnormalities 


It has been estimated that there is a threefold increase in 
sperm aneuploidy frequencies in infertile men compared 
with fertile men [66]. Sperm aneuploidies have been asso- 
ciated with severe sperm defects, infertility, miscarriage, in 
vitro fertilization (IVF) failure and increased risk of chro- 
mosome abnormalities in newborns. Albeit counterintuitive, 
there is little or no evidence to support the argument that 
an aneuploidic spermatozoon is at disadvantage in fertilizing 
an oocyte compared with normal haploid sperm [67]. There 
is, however, an obvious correlation between the increased 
frequency of aneuploidy observed in sperm (around 3% in 
infertile men) and paternally derived de novo chromosome 
abnormalities in embryos, fetuses, and newborns conceived 
using intracytoplasmic sperm injection (ICSJ)). This increase 
in de novo abnormalities after ICSI is estimated to affect 
2-3 % of conceptions [68, 69], which represents an approxi- 
mate threefold increase compared with natural conceptions. 
Studies from the past decade using the fluorescent in 
situ hybridization (FISH) technique showed that the rate of 
sperm aneuploidies was inversely correlated to sperm qual- 
ity. Moreover, sperm disomy (two pairs of a single chro- 
mosome), diploidy (two pairs of all chromosomes), and 
polyploidy positively correlated to sperm morphological 
abnormalities including macrocephalic, multinucleated, and 
multiflagellate sperm [70-73]. This knowledge highlights 
the importance of implementing techniques to detect sperm 
aneuploidy at the time of sperm selection for ICSI. 


Epigenetic Disorders 


Epigenetics is defined as “the study of mitotically and/or 
meiotically heritable changes in gene function that cannot 
be explained by changes in DNA sequence” [74]. Epigenetic 
components have a profound impact on developmental 
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processes and affect diverse areas of biology and medicine, 
including cancer biology, environmental effects, and aging 
[75]. Concerning male fertility, epigenetics describes all 
types of molecular information that are transmitted from the 
spermatozoon to the embryo. Epigenetic regulatory mecha- 
nisms required for proper embryogenesis include: (i) func- 
tional role of centrosome, (ii) DNA methylation, (iii) histone 
modifications, (iv) chromatin remodeling, and (v) role of 
RNA transcripts and telomere length. 

DNA segments that are tightly compacted are called het- 
erochromatin and are transcriptionally inactive. In contrast, 
regions that are bound loosely to histones are called euchro- 
matin and are transcriptionally active. Compactness of DNA 
in a determined region is regulated by epigenetics. While the 
genetic code is considered to be static in every cell for an 
organism’s entire life, the epigenetic code is rather dynamic 
and tissue specific [76]. It is a dynamic imprint to fine tune 
the phenotype according to environmental and other factors 
[12]. 

The sperm centrosome is critical for fertilization, chro- 
mosome segregation, and cell division [77]. Abnormal cen- 
trosome morphology and sperm aster formation have been 
associated with decreased fertilization and increased miscar- 
riage rates [78]. Immature sperm, as the ones harvested from 
the testicles, may not have fully functional centrosomes, and 
their use for assisted conception may result in the formation 
of mosaic and aneuploid embryos due to abnormal chromo- 
some segregation [79, 80]. Altered centrosomes have also 
been associated with embryo cleavage arrest [78]. 

Methylation is the best example of the sperm epigenetic 
contribution to the embryo. Human embryos cannot develop 
without proper paternal DNA methylation, it determines 
which genes from both parental genomes will be expressed 
[81]. Methylation occurs at the 5-carbon position of cyto- 
sines found in cytosine—phosphate—guanine dinucleotides 
(CpGs). CpGs are found in high concentrations near the gene 
promoter and are termed “CpGs islands.” Decreased meth- 
ylation of the paternal IGF2/H19 imprinting control region 
1 (CR1) and GTL2 have been found in spermatozoa of men 
with disturbed spermatogenesis [82]. In a recent study by 
Poplinsky et al., the degree of methylation of the IGF2/H19 
ICRI and mesoderm-specific transcript (MEST) locus was 
determined in swim-up purified spermatozoa from 148 infer- 
tile men and 33 normozoospermic controls [83]. All control 
individuals had high- and low-methylation degree of IGF2/ 
H19 ICRI and MEST, respectively. However, MEST hyper- 
methylation imprinting defect was strongly associated with 
infertility [83]. DNA imprinting regions are reset at every re- 
productive cycle thus allowing renewing of parental imprints 
in parental germ cells [84]. Imprinting activation is a result 
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of differential marking of DNA regions with histone modifi- 
cations, methylation, or a combination of both, to allow only 
one allele to remain active [85]. It has been hypothesized 
that some ART procedures might be compromised because 
of using sperm not fully matured and therefore, without a 
fully established epigenetic code. Besides, immature sperm 
have been associated with other fertilization defects related 
to centrosome abnormalities [86], sperm nuclear protein ab- 
normalities, and inability to activate the oocyte [87]. If the 
sperm are too immature or abnormal, chances are higher for 
the offspring to inherit an imprinting disorder [78]. 

Histones also play an important role in the transmission 
of paternal epigenetic information. Histone covalent modifi- 
cations are associated with several nuclear functions includ- 
ing transcriptional control, chromatin packaging, and DNA 
methylation. The transcriptional control of gene expression 
is regulated by the addition of acetyl, methyl, ubiquitin, and 
phosphate groups to histones [88]. During chromatin pack- 
aging, 85% of histones are replaced by protamines [89]. In 
an intermediate phase of the replacement process, TPs are 
inserted into the chromatin structure. It is known that dis- 
ruption of TPs (TP1 and TP2) encoding genes can produce 
infertile phenotypes, as well as unbalanced P1/P2 ratios 
and early transcription of mRNA of P1 [90-92]. Histones 
are more easily extracted from DNA than protamines, and 
histone-bound DNA is more susceptible to DNA-damaging 
agents than protamine counterparts [93]. If abnormally mod- 
ified, histones are candidates for impeding normal embryo- 
genesis [94]. 

Finally, telomeres have also been targeted as potential 
candidates to explain some infertile phenotypes. Telomere 
function includes protection of the genetic information en- 
coded on the chromosome, localization of chromosomes in 
the nucleus, and support for DNA replication [81]. Abnormal 
telomere shortening has been associated with male factor in- 
fertility [95]. Studies in mice have suggested that there is a 
protective mechanism that degrades spermatocytes with re- 
duced telomere length to prevent their maturation [96]. How- 
ever, this process may eventually fail, as shown by Liu et al., 
who found that spermatocytes with shortened telomeres had 
reached reached the meiosis I, thus indicating that they had 
passed the checkpoint without being degraded [97]. Despite 
these insights, the role of telomere length on male infertility 
remains to be further investigated [81]. 

In conclusion, current epigenetic knowledge on reproduc- 
tive sperm biology indicates that inheritance is much more 
complex than the transmission of information provided by 
the paternal DNA. It means that a series of epigenetic signals 
coming from the paternal chromatin is needed for the proper 
execution of the DNA-encoded genetic program [93]. 
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Genetic Testing for Males with UI 


There are basically five groups of tests that can be used to 
detect genetic and epigenetic diseases in men with UI: (i) 
cytogenetic tests to detect chromosomal alterations; (ii) 
specific gene sequencing for mutational and polymorphism 
analysis; (iii) chromatin integrity assays for measurement of 
sperm DNA damage; (iv) FISH to detect sperm aneuploi- 
dies; and (v) next-generation sequencing technologies to de- 
tect epigenetic changes (Table 8.1). 

Cytogenetic analysis is carried out by karyotyping, which 
evaluates the number and appearance of chromosomes in the 
nucleus of a eukaryotic cell. There are several cytogenetic 
techniques to visualize different aspects of chromosomes. 
The classic karyotype is mostly used, in which a dye, often 
Giemsa (G-banding), is used for stain bands on the chro- 
mosomes that are then examined under light microscopy. 
In brief, it involves the collection of heparinized peripheral 
blood samples and the isolation of a plasma lymphocyte 
suspension. Lymphocytes are cultured to promote mitosis 
stimulation, and then division is arrested at the metaphase 
[12, 38]. Each chromosome has a characteristic-banding pat- 
tern that helps its identification. Structural chromosome ab- 
normalities such as translocations can be easily detected by 
cytogenetic techniques. 

For specific-gene sequencing and mutational analyses, 
the “dye terminator sequence” method is usually performed. 
It also involves the collection of peripheral blood. Its princi- 
ple is the premature termination of four separate sequencing 
reactions that contain all standard deoxynucleotides (dATP, 
dGTP, dCTP, and dTTP) and the DNA polymerase. Only one 
of the four dideoxynucleotides (ddATP, ddGTP, ddCTP, or 
ddTTP), which are chain-terminating nucleotides that lack 
the 3’-OH group required for the formation of a phosphodi- 
ester bond between two nucleotides, is added to each reac- 
tion. Thus, DNA strand extension is terminated, resulting in 
DNA fragments of varying lengths. Next, these labeled DNA 
fragments are separated by gel electrophoresis on a denatur- 
ing polyacrylamide-urea gel and read in a specific manner 
from the shortest to the longest [12]. 


Table 8.1 Genetic tests for males with unexplained infertility (UL) 
Test 

Cytogenetic test (Karyotype) 

Gene sequencing for mutational and polymor- 
phism analysis 

Chromatin integrity assays 

Fluorescence in situ hybridization (FISH) 


Detect chromosomal aneuploidy and structural abnormalities both 
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Measurement of DNA damage is carried out by sperm 
chromatin assays and expressed by DFI. Assays to evaluate 
sperm chromatin/DNA integrity can be didactically divided 
in three groups: (i) sperm chromatin probes using nuclear 
dyes (e.g., microscopic acridine orange test, sperm chromatin 
structure assy [SCSA], aniline blue test, chromomycin-A3 
and toluidine blue); (ii) tests for direct assessment of sperm 
DNA fragmentation (e.g., terminal deoxynucleotidyl trasn- 
ferase mediated dUTP nick end labeling assay [TUNEL] and 
single-cell gel electrophoresis assay [COMET]); and (iii) 
sperm nuclear matrix assays (e.g., sperm chromatin disper- 
sion [SCD] test) [98]. These tests differ in their ability to 
detect chromatin compaction and single- or double-strand 
DNA breaks. Common limitations of these tests are that they 
provide limited information on the nature of the DNA lesions 
detected and do not allow the identification of the causative 
etiology of DNA damage. In general, aliquots of liquefied 
ejaculates are used for testing. More detailed information on 
each method is provided in Chap. 11. 

FISH combines the classic karyotype method with mo- 
lecular techniques using fluorescent DNA probes to bind se- 
lectively to a specific single-stranded chromosomal region 
after denaturation. The fluorochromes are then visualized by 
fluorescent microscopy. FISH can be used to detect chro- 
mosomal aneuploidy and structural abnormalities both in 
eukaryotic cells and sperm [12, 38]. Unlike karyotype that 
requires metaphase cells, FISH can be applied to interphase 
nuclei. 

The availability of next-generation sequencing technolo- 
gies has recently allowed the survey of genome-wide epigene- 
tic variation at high resolution. Bisulfite sequencing (Bi-seq), 
reduced-representation Bi-seq (RRBS), methylated DNA 
immunoprecipitation sequencing (MeDIP-seq), methylated 
DNA capture by affinity purification sequencing (MeCAP- 
seq), methylated DNA binding domain sequencing (MBD- 
seq), and ethylation-sensitive restriction enzyme sequencing 
(MRE-seq) are the methods for detecting DNA methylation 
problems. Chromatin immunoprecipitation followed by se- 
quencing (ChIP-seq) is the standard approach used to detect 
histone-tail modifications while long noncoding RNAs can 
be detected using RNA-sequencing studies [99]. 


Principle Specimen tested 
Assess number and appearance of eukaryotic cells Peripheral blood 
Determine gene sequencing and mutation occurrence using dye Peripheral blood 
terminator sequence 

Measure sperm DNA damage Sperm 


Peripheral blood; sperm 


in eukaryotic cells and spermatozoa 


Microarray technology 
Next-generation sequencing technologies 


Analyze mRNA transcripts pool expressed by sperm 
Detect DNA methylation problems 


Sperm 
Peripheral blood 
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Workup Plan for Genetic Diagnosis in the Male 
with Unexplained Infertility 


Genetic testing not only allows clarifying an obscure infer- 
tility diagnosis but also helps to prevent the occurrence of 
miscarriage and iatrogenic transmission of genetic defects to 
the offspring via assisted reproductive techniques. The latter 
can be achieved by means of either genetic counseling prior 
to ART or preimplantational genetic diagnosis (PGD). Yet, 
the widespread use of genetic testing in cases of UI has been 
limited by the massive use of ART to overcome infertility. 
Other limitations include tests’ costs, availability, clinical 
relevance, and endorsement by societies’ guidelines, to cite 
a few. The most important strengths of genetic testing in this 
scenario lies on its ability to identify men with genetically 
defective sperm who have decreased reproductive potential 
thus aiding couples make informed reproductive decisions. 

Our opinion is that a cost-effective genetic evaluation 
should be an integral part of the workup of couples with UI. 
At Androfert, we routinely include karyotyping and sperm 
DNA damage assessment during the infertility workup of 
such men. We found SCD to be a simple, cost-effective, fast, 
reliable, and accurate test that has been shown to provide re- 
sults highly correlated to those obtained by SCSA[100, 101]. 
Assessment of sperm DNA chromatin provides a relatively 
independent measure of sperm quality that yields diagnostic 
and prognostic information complementary to, but distinct 
and more significant than, standard sperm parameters [100]. 

The usefulness of sperm chromatin evaluation in the 
context of unexplained male infertility is manifold, as listed 
below: 


1 It aids in selecting the best treatment strategy and prevents 
the use of suboptimal ART techniques in cases of elevated 
levels of sperm DNA fragmentation. In fact, current evi- 
dence indicates that a cut-off value of 30% for SCSA has 
been recommended as a maximum limit to anticipate an 
acceptable chance of natural conception [30, 31] and IUI 
[33] success. Sperm samples containing more than 12% 
spermatozoa with fragmented DNA by TUNEL assay, on 
the other hand, resulted in no pregnancies following IUI 
[102]. Moreover, significant lower number of pregnan- 
cies has been achieved by conventional IVF compared 
with ICSI in cases of elevated DNA fragmentation (26% 
versus 42 %, respectively; P<0.05) [33]. 

2. It can be used as a counseling toll for couples already en- 
rolled in ART programs whose male partners have ele- 
vated levels of DNA fragmentation. As mentioned earlier, 
sperm DNA defects that are not repaired by the oocyte 
can be promutagenic and potentially increase the chance 
of diseases in the offspring [9]. To date, there is evidence 
suggesting that babies conceived after ART have higher 
risk of low birth weight, developmental delay, increased 
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incidence of congenital malformations, sex chromosomal 
abnormalities, and structural chromosomal abnormalities 
[103]. In addition, a sixfold increase in the incidence of 
imprinting defects has been reported for babies conceived 
by IVF/ICSI, which may be partially explained by the 
use of epigenetically immature spermatozoa [104]. More- 
over, a recent meta-analysis of 16 cohort studies involv- 
ing 2969 couples indicated that there was a significant 
risk of miscarriage in couples undergoing IVF/ICSI with 
high-sperm DNA damage compared with normal DNA 
damage levels (risk ratio=2.16; 95 % confidence interval: 
1.54-3.03; P<0.001) [105]. Even though the chance of 
pregnancy is higher in ICSI compared with IVF in cases 
of elevated DNA fragmentation, the incidence of DNA 
damage is lower in testicular sperm compared with ejacu- 
lated ones [106]. Therefore, ICSI using testicular sperma- 
tozoa may be considered to infertile men with elevated 
sperm DNA fragmentation. 

3. Given the importance of OS-induced DNA damage, men 
with high-DNA fragmentation should be counseled to- 
wards strategies that may alleviate damage, including 
lifestyle modifications (weight loss, quitting smoking, 
and antioxidant-rich food diet) and varicocele repair, if 
clinically detectable [60, 107—109]. 


Sperm aneuploidy assessment is left for selected cases of UI 
with repeated IVF failures or recurrent pregnancy loss. 
Sperm aneuploidy screening is not technically demanding 
or prohibitively expensive in terms of materials; however, 
it is costly regarding training and operator time to score 
the large number of cells required, between 5000 and 
20,000. One other point of sperm aneuploidy assessment 
concerns its prognostic value, that is, how to determine 
the impact of sperm aneuploidy in terms of risk to fetuses 
and newborns since it is not possible to test the individual 
sperm to be used in the ICSI treatment. To date, very few 
studies have provided direct correlations between sperm 
aneuploidy and ICSI outcomes, thus making it difficult to 
establish any threshold to predict the success of ICSI [67]. 
Although somatic and sperm chromosomal abnormali- 
ties, as well as mutations, cannot be treated, knowledge 
of such defects, together with genetic counseling, allows 
couples to evaluate their options and make informed deci- 
sion that may include using PGD, using donor sperm or 
remaining childless. 


Conclusions and Future Perspectives 


Male fertility, including spermatogenesis and sperm func- 
tion, is regulated by thousands of genes. There is an ongo- 
ing research effort to identify specific gene loci regulating 
early and late stages of spermiogenesis. It has been possible 
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to create models of male infertility in studies involving mice, 
with up to 300 null mutations and 50 conditional targeted 
deletions. As men with UI can harbor genetic abnormalities 
that may compromise their reproductive potential, efforts 
should be made to identify such conditions. Currently, few 
diagnostic tools are available for routine use and their useful- 
ness is not yet completely clear. Chromosomal abnormali- 
ties in somatic cells can be detected by karyotyping. Sperm 
aneuploidy assessment in couples with UI experiencing ei- 
ther repeated IVF failures or recurrent pregnancy loss can 
be performed by FISH, while mutations and polymorphisms 
are identified by specific gene sequencing and mutational 
analyses methods. However, diagnostic tests are not avail- 
able for each gene, thus making the accurate genetic diag- 
nosis a challenge. Yet, existing data justify the clinical use 
of testing to measure sperm DNA fragmentation, despite 
the claims that current evidence is insufficient to provide 
clinical ground for its routine use in infertility evaluation. 
Assessment of sperm DNA chromatin provides a relatively 
independent measure of sperm quality that yields diagnostic 
and prognostic information complementary to, but distinct 
and more significant than, standard sperm parameters. While 
treating cytogenetic abnormalities and genetic aberrations is 
still out of reach, sperm oxidative DNA damage to a large ex- 
tent can be either prevented or decreased by lifestyle changes 
and specific treatments. 

Major advances in biomolecular techniques have led to the 
development of new analytical tools such as DNA sequenc- 
ing and DNA microarrays that will likely become part of the 
male infertility investigation [110]. Microarray technology 
can yield information about thousands of mRNAs’ expres- 
sion in a single experiment, enabling the analysis and com- 
parison of complete sperm expression profiles. The integra- 
tion of these novel techniques with proteomics may unravel 
the mysteries of sperm function in UI [111]. An example of 
what the future holds is the recent work of Bonache and col- 
leagues, who described a genetic sperm expression profile 
able to reflect the fertilizing potential of spermatozoa with 
better predictive value than classical semen parameters. An- 
alyzing the semen samples of 68 normozoospermic donors 
used for therapeutic IUI, the authors developed a model to 
classify the fertility status based on the expression signature 
of four genes (EIF5A, RPLI3, RPL23A, and RPS27A) with 
a sensitivity and specificity of 82 and 90%, respectively, to 
discriminate donors resulting in low pregnancy rates [112]. 

Other approaches to molecular evaluation of spermatozoa 
are under investigation, including array comparative genom- 
ic hybridization (aCGH), whole-genome sequencing, and 
noncoding RNA arrays [113]. Concerning sperm epigenetics, 
there is still a lot to be learned but this field bears the promise 
of reversing the effect due to its dynamic nature. As such, 
deeper understanding of the epigenetic processes could shed 
light on therapies based on epigenome modifications. This 
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has an advantage over genetic studies, since cure may be of- 
fered to the individuals bearing epigenetic changes in con- 
trast to those harboring genetic modifications. 
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Role of the Immune System in Unex- 
plained Male Infertility 


Rajesh K. Naz and Walter K. H. Krause 


Immune System and Spermatogenesis 


The testis is an immunologically privileged organ. During 
puberty, when spermatogenesis starts, several “nonself” 
antigens develop on the later stages of germ cell formation 
(secondary pachytene stage onwards) that were not present 
when the immune system was developing a recognition of 
the “self” antigens in the fetal life. These “nonself” antigens/ 
sperm are sequestered from the immune attack by the devel- 
opment of the blood-testis barrier, which is primarily formed 
by tight Sertoli cell junctions. Besides the blood-testis bar- 
rier, there are additional mechanisms that contribute toward 
the uniquely protected environment of the testis [1]. When 
the blood-testis barrier is compromised by factors such as 
infection and/or inflammation, “nonself” antigens present on 
sperm could induce an autoimmune response. The mecha- 
nism involved in this may be equated to the “danger model” 
[2]. This model proposes that stressed and necrotic cells 
release “danger” signals such as heat shock proteins (HSP) 
that could trigger an autoimmune response. Indeed, HSP60 
and HSP70 have been identified as autoantigens in the tes- 
tis. Dendritic cells (DCs) are usually involved in the antigen 
presentation for activation of naive B and T cells. It is hy- 
pothesized that immature DCs, that are normally involved 
in maintaining immune privilege, mature under inflam- 
matory pathological conditions and overcome the immune 
privilege/tolerance by the local activation and expansion of 
autoreactive T cells [1]. In the experimental autoimmune 
orchitis (EAO) of rats, the number of DCs in the testicular 
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interstitium was found to increase during the course of EAO 
[3]. Several T cell subsets (CD4+ and CD8+ af T cells and 
y6 T cells) and natural killer (NK) cells exist in normal tes- 
ticular interstitium. These cells are involved in the regulation 
of immune response and immune modulation in the testis 
[3]. Testicular mast cells (MCs) are found adjacent to the 
seminiferous tubules in the testis. Activated MCs also co- 
incide with elevated numbers of several types of immune 
cells in the testis of infertile men and may, therefore, also 
be involved in the pathogenesis of testicular inflammatory 
process [4]. 

Sertoli cells are one of the most interesting cell types, 
playing a role both in reproduction and immunological reac- 
tion in the testis. They act as nutritive cells for the develop- 
ing spermatogenetic cell lineage and are responsible for the 
formation of blood-testis barrier. There is also increasing 
evidence of their role in immunoregulatory function in the 
testis [5]. Sertoli cells produce a number of immunoregula- 
tory mediators including TGF-B, which is thought to play 
a major role in immunosuppression. The communication 
between germ and Sertoli cells appears to involve the same 
mechanism(s) that overlap with the inflammatory processes 
in infectious diseases. This link may partly explain how the 
immunologic spermatogenic disruption may be caused by 
inflammation and infection. 

Finally, the apoptosis of spermatogenic cells, which is an 
integral part of normal spermatogenesis, is enhanced dur- 
ing the breach of the immune privilege of the testis such as 
in EAO. Proinflammatory cytokines (TNF-a and IL-6) and 
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Fas ligand, produced by interstitial mononuclear cells during 
EAO development, may contribute to the increased germ 
cell apoptosis [3]. Although EAO is not commonly observed 
in humans, some of the mechanisms observed in the experi- 
mental condition may be the basis of spermatogenic failure 
observed in male infertile patients. 


Antisperm Antibodies (ASAs) 


The phenomenon most commonly observed in immune in- 
fertility is the antibodies directed against fertility-related 
antigens of sperm proteome. ASAs are found in 9-12.8% 
of infertile couples. The presence of ASAs indicates a rela- 
tive decrease of fertility. However, ASAs are also present in 
approximately 1-2.5% of fertile men and in 4% of fertile 
women [6, 7]. The presence of ASAs in the fertile population 
suggests that not all ASAs cause infertility [8-10]. These an- 
tibodies may be called “sperm-reactive” immunoglobulins 
since they do not contribute to the phenomenon of immune 
infertility. ASAs are usually sperm-specific; thus, the pres- 
ence of ASAs does not exert in most cases any harmful effect 
on patients, except for infertility. 

The formation of fertility-related ASAs requires an im- 
mune reaction directed against sperm antigens, which are in- 
volved in the sperm motility, function, and fertilization pro- 
cess. The antigens which are present on the sperm surface, 
externalized on the surface after sperm acrosome exocytosis, 
and/or involved in oocyte binding and penetration are most 
relevant in immunoinfertility. The fertility-related sperm an- 
tigens are proteins/glycoproteins that develop during later 
stages of spermatogenesis and/or those which are absorbed 
on the surface during the transit in the genital tract. These 
antigens are not present during fetal development when the 
immune tolerance was developing by clonal selection and 
propogation. They develop later in life during puberty, thus, 
are recognized as “nonself” and able to induce an immune 
response. 

ASAs can be directed to the peptide moiety or carbohy- 
drate epitopes of the sperm proteins/glycoproteins. The anti- 
genic component of sperm immobilizing antibodies that are 
primarily detected in the serum of infertile women is in the 


Table 9.1 Risk factors 
involved in the develop- 
ment of antisperm antibo- 
dies (ASAs) in men. (Based 
on data from ref. [98]) 
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carbohydrate moieties of CD52, a GPI anchor glycoprotein, 
expressed in lymphocytes and various components of the 
male genital tract, including sperm and seminal plasma [11]. 

The site of formation in the genital tract of the spontane- 
ously occurring ASAs in infertile men is unclear. However, 
some indications can be drawn from the findings on the risk 
factors involved in ASAs induction (Table 9.1). ASAs can be 
present circulating in the serum and/or locally in the genital 
tract secretions such as seminal plasma, cervical mucus, vag- 
inal secretion, and fallopian fluid. The immunoglobulin G 
(IgG) antibodies in semen and other genital tract secretions 
are mainly transudate of the serum IgG. The immunoglobu- 
lin A (IgA) antibodies, however, can originate locally and/or 
transudate from serum [12]. 


Risk Factors of ASAs Formation 


The obstruction/leakage/infection/inflammation of the tes- 
tis, and especially the epididymis and vas deferens, fre- 
quently induces high titers of ASAs [13-17]. Between 50 
and 100% of men that undergo vasectomies subsequently 
develop ASAs in serum and semen [17]. Following vasec- 
tomy, sperm granuloma frequently develops in epididymal 
distension results due to increased intraluminal pressure. The 
sperm granuloma is a dynamic structure where active phago- 
cytosis occurs by macrophages. It is plausible that the im- 
mune process inducing ASAs production initiates here, since 
T cells have also been observed. 

ASAs can penetrate from circulation into the male genital 
tract via rete testis, epididymis, vas deferens, and accessory 
glands. They can attach to sperm at any of these regions after 
transudation. In spermatozoa retrieved directly from the dis- 
tal end of the vas deferens in patients undergoing vasectomy 
reversal (vasovasostomy), ASAs, both IgG and IgA, were 
present in 78.6 and 32.1% of the patients, respectively [18]. 

The infection and/or inflammation of the male geni- 
tal tract can cause ASAs formation; however, the data 
are inconsistent. Jarow et al. [19] described a positive 
association between prostatitis and ASAs using the gel ag- 
glutination assay in serum. In a series of 365 patients with 
documented inflammation/infection of the male genital tract, 


Condition Induction of Site of induction 
ASAs 

Chronic obstruction Proven Epididymis/vas 

of genital tract/vasectomy deferens 

Varicocele Doubtful Testis 

Cryptorchidism Doubtful Testis 

Testis trauma, testis surgery No risk factor = — 

Testicular torsion No risk factor = — 

Testis tumor Doubtful Testis 

Intrarectal sperm contact Doubtful Rectal mucosa 
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suffering from—in accordance to the American Urological 
Association definition—chronic bacterial prostatitis, inflam- 
matory chronic prostatitis/chronic pelvic pain syndrome, 
noninflammatory chronic pelvic pain syndrome, chronic 
urethritis, and chronic epididymitis, no association between 
ASAs formation/titers and the intensity of these diseases was 
demonstrable [20]. 

Immunological cross-reactivity between antigens of the 
sperm membrane and Chlamydia trachomatis may occur and 
explain some cases of an association between infections and 
ASAs formation [20]. Epitopes of chlamydial HSP60 protein 
cross-react with those of human HSP60. However, clinical 
data fail to detect an association between chlamydial infec- 
tions and the presence of ASAs in seminal plasma [21]. 

It is unclear whether varicocele, testicular trauma, sur- 
gery, or testicular torsion can induce ASAs formation. Also, 
the association between cryptorchidism and ASAs remains 
controversial [17]. 

Although suggested by epidemiologic studies, the direct 
proof of ASAs as a cause of infertility is difficult to obtain, 
since prospective studies comparing pregnancies in patients 
with and without ASAs are limited [22—24]. In the retrospec- 
tive studies, the degree of sperm autoimmunization showed 
a significant inverse correlation with the incidence of spon- 
taneous pregnancies. In the first report by Rumke et al. [25] 
using a 10-year follow-up of 254 infertile men with serum 
sperm-agglutinating activity, the ASAs titers were found to 
be inversely correlated with the occurrence of spontaneous 
pregnancies. If only normozoospermic men were included, 
no pregnancy was observed with very high ASAs titers. In 
a cohort of 108 infertile couples, the pregnancy rates were 
significantly higher when males had low antibody titers 
than in those with high titers [6]. In another set of 157 in- 
fertile couples, the cumulative spontaneous pregnancy 
rates over 6 years were higher (~50%) when the IBT re- 
sults were<0.50%; lower (~30%) when test results were 
50-90 %; and very low (~ 15%) when the test showed >90 % 
ASAs binding in IBT [26]. A significant inverse correlation 
between the degree of sperm autoimmunization and preg- 
nancy rates after vasovasostomy was observed in a follow- 
up study of 216 men [27]. However, this observation was not 
confirmed by others [28]. 


Tests for ASAs 
Mixed Antiglobulin Reaction (MAR) Test 


The MAR test detects antibodies bound to spermatozoa. The 
technique is simple: a semen sample is mixed with a suspen- 
sion of particles, which are conjugated to immunoglobulins, 
which is a second antibody against human immunoglobulins 
present on sperm. If ASAs are present on spermatozoa, the 
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particles get attached to the spermatozoa, which can be easily 
seen under the microscope. As a test result, the percentage of 
motile sperm bearing the particles is counted. A MAR test is 
considered positive when >10% of sperm are attached to a 
particle and is of clinical significance when >80% binding 
is present. 

The MAR test is easy to perform, reproduce, and the re- 
sults are apparent within a few minutes. Different IgG classes 
can be detected using this test. The test has some limitations; 
it is difficult to perform when the sperm are fewer in number 
and immotile, such as in oligozoospermia and asthenozoo- 
spermia, and it requires fresh semen samples [29]. Commer- 
cially available SpermMar kits are based on an antiserum 
against human IgG to induce mixed agglutination between 
antibody-coated and latex beads conjugated with antihuman 
immunoglobulin [30]. 

The MAR test can also be used to detect ASAs present 
in biological fluids such as serum and seminal plasma. In 
the first step, donor sperm are mixed with the fluid and then 
the sperm undergo the MAR test as described above (indi- 
rect MAR test). The reproducibility of the indirect MAR test 
using different donor sperm is poor [31]. 

Quality control of the MAR test comprises inter- and in- 
tra-assay variations. It was shown that the intra-assay varia- 
tion is minimum if different tests are performed using the 
same spermatozoa. However, an interassay comparison of 
tests using spermatozoa from different donors’ reveals poor 
congruence [31]. 


Immunobead Binding Test (IBT) 


The IBT is similar to the MAR test and is easy to perform. 
The IBT allows determination of the antibody class attached 
to spermatozoa, the subcellular localization of the antibod- 
ies attached, and the percentage of antibody-coated sperm. 
When performing the test, sperm concentration is usually 
adjusted to 10-25 x 10° motile sperm/ml to optimize the mi- 
croscopic evaluation. Like the MAR test, the IBT can also 
be performed indirectly using biological fluids. It was shown 
that the indirect IBT has a low intra-assay and a high interas- 
say variation [32]. 

Both the MAR test and IBT are recommended by the 
World Health Organization (WHO) manual [33]. The MAR 
test does not require washing spermatozoa of the seminal 
plasma, which makes it easier and faster than IBT. It requires 
less semen volume and could be applied to samples with a 
lower sperm concentration compared to IBT [34]. Compari- 
son of IBT and MAR tests has shown a high degree of agree- 
ment [30, 35]. The sensitivity and specificity are comparable 
between these two tests [36]. 

The existing consensus indicates that a semen sample 
having > 50% of spermatozoa showing binding in MAR test 
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or IBT is suggestive of ASAs-mediated immunoinfertility 
[33]. There is no correlation between the test positivity and 
the sperm concentration, motility, and morphology and leu- 
kocyte concentration in the semen. However, ASAs levels 
are usually higher in men with abnormal sperm parameters 
than in those with normozoospermia. The MAR test results 
were found positive in 48 of 484 men (10%) with normal 
sperm counts, 18 of 78 of men (23 %) with low sperm motil- 
ity, and 19 of 128 of men (15%) with low counts. The pres- 
ence of antibodies in about 10% of men may provide ad- 
ditional information besides the semen parameters in some 
cases of unexplained infertility [37]. 


Enzyme-Linked Immunosorbent Assay (ELISA) 


The visualization of antigen—antibody binding by chromo- 
gens amplified by an enzyme is an elegant method to demon- 
strate the presence of specific antibodies and also allows the 
determination of an antibody titer. In ELISA, either the an- 
tigen or the antibody is fixed to a solid phase. It requires in- 
formation on the specificity of antibodies and antigens. This 
prerequisite is not completely fulfilled in the determination 
of ASAs using ELISA, since all antigens against which the 
ASAs are directed to have not been defined. The tests that 
are marketed measure the binding of antibodies to sperm ex- 
tracts containing several antigens. Thus, they are of limited 
application for the diagnosis of ASAs-associated infertility 
since only the antigens relevant to fertility are important in 
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immunoinfertility. This is also true for radioimmunoassay 
(RIA), which requires the use of radioactive materials [36]. 


Flow Cytometry 


Flow cytometry is used to detect, isolate, and quantitate the 
percentage of sperm bound with antibodies [38]. However, 
flow cytometry requires expensive laboratory instruments 
and reveals limited results without providing specificity of 
ASAs for fertility-related antigens. 


Treatment of Immune Infertility 


Immunosuppressive Therapy with 
Glucocorticosteroids 


Although an interesting concept, the use of glucocorticoste- 
roids to lower the antibody titer could have potential adverse 
effects, associated with generalized immunosuppression. To 
minimize the side effects, it is usually restricted to the first 
7-10 days of the female cycle, irrespective of whether the 
steroids are given to a male or female partner of an infertile 
couple. Steroid therapy to suppress ASAs was first recom- 
mended by Hendry et al. [39]. They reported an increased 
conception rate in the steroid-treated group compared to the 
placebo group. Later on, several studies were published in 
which corticosteroids did not show an effect on ASAs titers, 
sperm parameters, or conception rate [9, 38—46] (Table 9.2). 


Table 9.2 Randomized trials measuring the effect of corticosteroids on antisperm antibodies (ASAs). (Based on data from ref. [98]) 


Patient Treatment Effect on Effect on fertility Adverse effect(s) Reference 

number ASAs 

10 T: Prednisolone, 1 mg/kg/d, 9 d None No difference No data De Almeida et al. [40] 
C: Placebo in CR 

43 T: Methylprednisolone, 96 mg/d, 9 d None No difference No data Haas and Manganiello 
C: Placebo in CR [41] 

43 T: Prednisolone, 20 mg/d cyclic No data 9 conceptions ~60% mild reaction Hendry et al. [39] 
C: Placebo 1 conception 

20 T: Prednisolone, 40 mg cyclic+TI Significant 0 conceptions ~40% mild reaction Bals-Pratsch et al. [42] 
C: Placebo reduction 0 conceptions 

30 T: corticosteroids + IUI Significant 11 pregnancies No data Robinson et al. [43] 
C: corticosteroids + TI reduction 2 pregnancies 

46 T: Prednisolone, 20 mg/d+IUI - 9 pregnancies No data Lahteenmaki et al. [44] 
C: Prednisolone, 20 mg/d+TI 1 pregnancy 

ND T: Prednisolone, 20 mg/d Significant No data No data Räsänen et al. [38] 
C: Placebo reduction 

36 T: Corticosteroids + IUI No data 16.1% CR No data Grigoriou et al. [45] 
C: IUI only 21.2% CR 

53 T: Prednisolone, 20 mg/d, 2 weeks prior to IVF None 29% CR No data Lahteenmaki et al. [46] 
C: no treatment 32% CR 

TI T: Prednisolon, 5 mg/d No data 20% CR None Om et al. [9] 
C: no treatment 5% CR 


ND not defined, T treatment group, C control group, CR conception rate, JUI intrauterine insemination, TI timed intercourse 
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For this reason, the therapy is no longer used for treatment of 
immune infertility. 


In-Vitro Techniques 


The following in-vitro techniques have been tried to inhibit 
binding or remove the antibodies bound to the sperm surface. 


Prevention of ASAs Binding to Sperm 

The assumption that ASAs bind to sperm during and/or just 
after ejaculation and that the antibodies are mostly present in 
the secretions of prostate and seminal vesicles prompted tri- 
als with split ejaculations. However, this technique has been 
proven ineffective in decreasing ASAs binding to sperm [47]. 
It was examined if the collection of semen into insemination 
medium containing a high concentration of fetal cord/ma- 
ternal serum would decrease the antibody binding to sperm. 
Two studies [48, 49] observed that semen collection into 
serum-supplemented medium resulted in increased fertiliza- 
tion rates in in vitro fertilization (IVF) procedure, and one 
of these studies also showed an increase in pregnancy rates 
[50]. Experimental studies [50] showed that the antibodies 
preferentially transude into the epididymis (especially cor- 
pus or caudal regions) and vas deferens, and not into testes 
to bind to sperm cells [50]. These findings indicate that in 
men, ASAs bind to sperm before ejaculation via transudation 
through epididymis, vas deferens, and probably rete testis. 


Immunomagnetic Separation Technique 

This technique has been tried to separate the antibodies 
bound on the sperm surface [51]. The sperm with antibod- 
ies are tagged with anti-immunoglobulin antibodies coupled 
to magnetic microspheres, and then the magnetic field is 
applied. However, limited success in isolating a sufficient 
number of ASAs-free sperm having good motility makes this 
procedure theoretically interesting, but clinically unaccept- 
able. 


Removing ASAs Bound on Sperm Surface 

There are mixed reports on simple sperm washing on ASAs 
elution from various laboratories. Adeghe found that wash- 
ing decreased IgG bound on the sperm surface [52]. Other 
groups did not find the similar positive effects [53], even 
after subjecting the sperm to multiple washings [54]. Anti- 
bodies were also not reduced by passing sperm through a 
percoll gradient [55]. 

The protease treatment can be used to degrade antibod- 
ies on the sperm surface [56]. IgA1 protease treatment was 
effective in reducing IgA on sperm [57]. In another study, 
incubation of sperm with chymotrypsin before intrauterine 
insemination (IUI) resulted in a 25% cycle fecundity ver- 
sus 3% in controls [58]. IUI with protein digestive enzyme 
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treatment was more effective than IUI without enzymatic 
therapy. However, IVF with ICSI provided three times the 
pregnancy rate for males with sperm coated in ASAs than 
IUI with chymotrypsin-treated sperm [59]. 

The clinical efficacy of proteolytic enzymes has to be 
examined since it may affect proteins present on the sperm 
surface, especially the oocyte binding receptors. 

The use of immunobeads has been suggested as a treat- 
ment to remove the sperm-bound antibodies. It has been re- 
ported that simple incubation of ASAs-positive sperm from 
immunoinfertile men with immunobeads results in a time- 
dependent decrease in antibody concentration on sperm sur- 
face [51] and even enhanced pregnancies [60]. The explana- 
tion that the antibodies are removed from the sperm surface 
after incubation with immunobeads is not widely accepted. 
It is generally believed that the immunobeads just select 
ASAs-positive sperm, leaving ASAs-free sperm. This proce- 
dure does not remove the antibodies from the sperm surface. 


Immunoelution of Bound ASAs Using Defined 
Sperm Antigens 

Fertilization antigen-1 (FA-1) antigen is a well-defined 
sperm-specific surface molecule that is evolutionarily con- 
served on sperm of various mammalian species, including 
men [50]. Antibodies to an FA-1 antigen inhibit human 
sperm—zona interaction, and also block human sperm capaci- 
tation/acrosome reaction by inhibiting tyrosine phosphoryla- 
tion [61]. The cDNA encoding for mouse FA-1 and human 
FA-1 have been cloned and sequenced [62]. Vaccination of 
female mice with recombinant FA-1 antigen causes a long- 
term reversible contraception by raising sperm-specific im- 
mune response [63]. 

FA-1 antigen is involved in human immunoinfertility in 
both men and women. The antibodies are found in sera as 
circulating antibodies and also locally in genital tract secre- 
tions, such as seminal plasma of men, and cervical mucus 
and vaginal secretions of women [64]. The lymphocytes 
from immunoinfertile, but not fertile, men and women are 
sensitized against FA-1 antigen and proliferate on incubation 
with the antigen in vitro [65]. 

The presence of these antibodies inhibits fertilization in 
IVF procedure. The involvement of FA-1 antigen in human 
involuntary immunoinfertility has been confirmed in several 
laboratories by leading investigators working in the field of 
ASAs. Based upon these findings, a clinical trial was con- 
ducted at the University of Michigan Medical School to 
determine whether immunoadsorption with FA-1 antigen 
would remove autoantibodies from sperm surface of im- 
munoinfertile men [66]. Adsorption with FA-1 antigen in- 
creased immunobead-free swimming sperm on an average of 
50 and 76% for IgA ASAs and IgG ASAs, respectively. The 
acrosome reaction rates increased significantly and showed 
improvement in 78% of the sperm samples after FA-1 
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adsorption. The IUI of FA-1 treated antibody-free sperm 
resulted in normal pregnancies and healthy babies, indicat- 
ing that the antigen treatment does not have a deleterious 
effect on implantation or embryonic and fetal development. 
This study needs to be extended to a larger number of ASAs- 
positive infertile men and constitutes an exciting therapeutic 
modality using well-defined sperm antigens. 


Assisted Reproductive Techniques (ART) 


Various ART have been used for the treatment of immuno- 
infertility. 


Intrauterine Insemination Procedure 

IUI has been found to enhance the pregnancy rates in some 
cases of ASAs-positive infertile men. The results are sum- 
marized in Table 9.3 [58, 67-69]. The results do not indi- 
cate a definite advantage of the procedure. It is not clear how 
IUI can improve fertility outcome when ASAs are present in 
men. Washing the sperm in the incubation medium should 
not elute the antibodies bound to the sperm surface proteins. 
It appears likely that the procedure is of benefit because the 


Table 9.3 Studies 
comparing the pregnancy 
rates after intrauterine 
insemination (IUI) with 
sperm from men with or 
without antisperm antibo- 
dies (ASAs) 


R. K. Naz and W. K. H. Krause 


subfertility has another etiology rather than the presence of 
ASAs. 


In Vitro Fertilization Procedure 

The IVF procedure has been used for the treatment of immu- 
noinfertility. A number of studies have been published com- 
paring the outcome of IVF in men with or without ASAs. 
They are summarized in Table 9.4 [51, 70—84]. Several stud- 
ies have shown decreased fertilization rates in immunoin- 
fertile patients in IVF procedure. Some studies also found 
a correlation of the effect of antibodies on the fertilization 
rates with the antibody class/subclass and the sperm-binding 
sites of ASAs. The quality of embryos obtained after IVF 
using sperm from ASAs-positive men is generally poor com- 
pared to those obtained after fertilization with sperm from 
ASAs-negative men. 


Intracytoplasmic Sperm Injection (ICSI) Procedure 

The ICSI procedure has been used to treat immunoinfertility 
in men. Several studies have been conducted to compare the 
fertilization rates after ICSI in men with or without ASAs. 
The Table 9.5 [85—92] summarizes the studies reported in the 
literature. Most of these studies did not find a difference in 


Number Pregnancy Pregnancy rate Reference (#) 

of patients/ rate with without ASAs 

cycles ASAs 

59 couples 56% 83% Check and 
Bollendorf [67] 

110 cycles 0% 25.6% Francavilla et al. 
[68] 

159 couples 33% 21% Agarwal [58] 

804 cycles 8.6% 1.7% with timed Mahmoud et al. 

intercourse [69] 


Table 9.4 Studies comparing the outcome in in vitro fertilization (IVF) using sperm from men with or without antisperm antibodies (ASAs) 


Number of couples/cycles Fertilization/pregnancy rate with ASAs 


17 couples 27% 

40 couples 34% 

20 couples 14% 

36 couples 50.5% 

67 cycles 41.9% 

63 couples 25% 

72 couples Significantly reduced (p>0.001) 
137 couples Significantly reduced 

67 couples 18% 

343 59% 

160 couples 75% 

181 oocytes 44.2% 

52 couples 28.6% 

Not described No significant difference 
24 cycles No significant difference 
80 cycles No significant difference 


Fertilization/pregnancy Reference (#) 


rate without ASAs (%) 


72 Clarke et al. [70] 

74 Mandelbaum et al. [71] 
60 de Almeida et al. [72] 
12.7 Rajah et al. [73] 


Acosta et al. [74] 
68 Ford et al. [51] 
— Junk et al. [75] 
— Chang et al. [76] 


0 Witkin et al. [77] 
52 Pagidas et al. [78] 
69.3 Sukcharoen and Keith [79] 


Vazquez-Levin et al. [80] 
Vujisié et al. [81] 

= Janssen et al. [82] 

— Zouari et al. [83] 

— Yeh et al. [84] 
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Table 9.5 Studies 
comparing the outcome 

in intracytoplasmic sperm 
injection (ICSI) using sperm 
from men with or without 
antisperm antibodies 
(ASAs) 


the fertilization rates after ICSI using sperm from men with 
or without ASAs. It may be concluded from the studies that 
ICSI is the most effective therapy for male immunoinfertil- 
ity. The conclusion is also drawn by Zini et al. [91]. 

One study is worth discussing here; it included 29 ASAs- 
positive infertile couples, where 22 of them were tested be- 
fore IVF procedure and had a poor fertilization rate (6%) 
[93]. These couples were then subjected to ICSI procedure. 
After ICSI, the fertilization (79 %) and cleavage (89 %) rates 
in the ASAs-positive group were similar to those (68 and 
93%, respectively) in the ASAs-negative group. Surpris- 
ingly, 46% of the pregnancies in the ASAs-positive group 
ended in spontaneous pregnancy loss, compared with none 
in the ASAs-negative group. This indicates that ICSI can by- 
pass the ASAs involved in fertilization, but can still affect 
postfertilization events. 

Some ASAs can have deleterious postfertilization ef- 
fects on developing preimplantation embryos [94-96]. 
ASAs can affect early embryonic development if: (1) an 
oocyte is fertilized with a sperm cell which carries these 
specific antibodies into the ooplasm, and/or (2) these an- 
tibodies are cross reactive with the antigens present on the 
developing embryos. Some of these antigens and antibod- 
ies have been characterized, and the cDNA encoding for a 
few of these antigens has also been cloned and sequenced 
[92]. Using the ICSI procedure in immunoinfertile men, 
one can achieve higher fertilization rates than using the 
IVF procedure. However, the fertilized zygotes show high- 
er degeneration and mortality and decreased embryonic de- 
velopment [97]. 


Conclusion 


In conclusion, the immune system plays an important role 
in male infertility. The testis is an immune-privileged site. 
Sperm cell has several “nonself” antigens that develop during 
later stages of spermatogenesis. These “nonself” antigens are 
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Number of Fertilization/ Fertilization/ Reference (#) 
couples/cycles pregnancy pregnancy rate 

rate with without ASAs 

ASAs (%) (%) 
48 couples 79 68 Zini et al. [91] 
55 cycles 75.0 69.2 Nagy et al. [85] 
179 couples 62 58 Clarke et al. [86] 
60 cycles 60.3 60.7 Jun et al. [87] 
279 cycles 36 39 Mercan et al. [88] 
351 cycles 82.4 80.0 Javed and Naz. 

[92] 

87 couples 56 55 Check et al. [89] 
Not described 42 52 Zini et al. [90] 


sequestered from the immune attack by the blood-testis bar- 
rier. The most frequent phenomenon of immune pathology in 
infertility is the development of antibodies directed to these 
“nonself’ antigens that are relevant to sperm motility, func- 
tion, fertilization, and fertility. There are several etiological 
factors and sites in the male genital tract that can induce 
antibodies to sperm. The ASAs can be detected by various 
methods, including the MAR test, IBT, and ELISA [98]. The 
presence of ASAs has been shown to reduce fertilization 
rates in the IVF procedure used for the treatment of male in- 
fertility. For the treatment of immunoinfertility, the suppres- 
sion of antibody production using steroids (glucocorticoids) 
has not yielded successful results. Several in-vitro methods 
have been used to remove antibodies bound to sperm for 
treatment. The ICSI technique has been successfully used 
to bypass sperm antibodies that are relevant to fertilization. 
However, the embryos may degenerate even after successful 
fertilization. The available data indicates that immunological 
factors, including ASAs, play an important role in pathogen- 
esis of unexplained male infertility. As additional fertility- 
related sperm antigens and mechanisms become delineated, 
a larger subgroup of “unexplained infertility” is becoming a 
part of “immunoinfertility.” 
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Introduction 


Despite advances in modern reproductive technologies, in- 
fertility remains a common problem for couples worldwide. 
It is defined as the inability to conceive after one of year of 
unprotected sexual intercourse [1, 2]. In as many as 50% of 
infertile couples, a male factor has been implicated as the 
sole or partial cause [3, 4]. Although there are specific male- 
related etiologies that can be addressed to correct the issue, 
in many cases, the cause of infertility cannot be identified, 
leading to a diagnosis of unexplained infertility (UMI). In 
fact, the diagnosis of unexplained infertility accounts for 
10-30% of infertility cases [5]. This chapter aims to shed 
light on the concept of UMI, particularly focusing on the di- 
agnosis, treatment, and implicating factors involved in the 
pathogenesis of this condition, including oxidative stress. 


Unexplained vs. Idiopathic Male Infertility 


Unexplained male infertility is the inability to reproduce 
despite having a normal sexual history, physical exam, and 
semen analysis on two or more occasions as well as no 
harmful toxin exposure. Its reported prevalence ranges from 
6-27% [2, 6]. Unexplained infertility is often loosely inter- 
changed with its counterpart, idiopathic infertility. Idiopathic 
infertility is defined as having an abnormal semen analysis 
in the absence of any identifiable cause [7]—this second 
category accounts for 40-50% of male infertility cases [3]. 
For unknown reasons, the semen analysis of those with this 
type of infertility shows decreased sperm motility and sperm 
number and/or an increased number of spermatozoa with ab- 
normal morphology [3]. 
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Due to the similarities in their definitions, studies often 
categorize unexplained and idiopathic infertility as one and 
the same [8]. However, further research on this topic has 
shown that there are significant distinctions between the 
two types of infertility (Table 10.1). Newer tests involving 
cytogenetic analysis and molecular genetics highlight these 
differences, which lie primarily in their specific etiologies 
[3]. Specifically, UMI has been associated with the follow- 
ing contributory factors: sperm dysfunction, auto-antibodies 
directed against sperm antigens, certain coital factors inter- 
fering with successful fertilization, and oxidative stress [9]. 
On the other hand, idiopathic infertility is suggested to be 
caused by age, environmental pollutants, mitochondrial al- 
terations, and infective agents such as Chlamydia trachoma- 
tis, herpes virus, and adenovirus [10, 11]. Additionally, post- 
testicular organs such as the epididymis have been shown 
to cause DNA methylation of cytosine—guanine nucleotides. 
This can lead to transcription repression and eventual idio- 
pathic infertility [10, 12]. Interestingly, recent reports state 
that sperm DNA damage and oxidative stress in the seminal 
plasma do not exist in certain males with idiopathic infer- 
tility due to differential expression of gene polymorphisms, 
such as the GSTM1 genotype. Specifically, males with this 
gene alteration have been associated with increased levels of 
oxidative-induced DNA damage [13, 14]. 

Although a singular cause of unexplained infertility can- 
not be identified in many cases, it is of great importance that 
a systematic infertility workup be performed (Table 10.1). 
This prevents the oversight of an underlying etiology of UMI 
[2]. Amidst the modern reproductive technologies of today, 
this chapter aims to shed light on the concept of UMI, partic- 
ularly focusing on the diagnosis, treatment, and implicating 
factors involved in the pathogenesis of this condition. 
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Table 10.1 Unexplained male infertility versus idiopathic male infertility 


Parameter 


Semen analysis [1, 2, 6] 


History, physical exam, and endocrine assess- 


ment [2, 3, 14] 
Female factor infertility [2, 6] 


Percentage of total cases of male infertility 


Unexplained male infertility 
Normal 
Normal 


Ruled out (no tubal patency, no cervical hos- 
tility, or good endometrial receptivity) 
10-30% 
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Idiopathic male infertility 
Abnormal 
Normal 


Ruled out (no tubal patency, no cervical hos- 
tility, or good endometrial receptivity) 


40-50% 


[1.35.5] 


Contributory causes [9—12] 1. Sperm dysfunction 


2. Auto-antibodies directed against sperm 


antigens 


3. Coital factors interfering with successful 


fertilization 


4. Oxidative stress 
History of harmful toxin exposure [6, 7] None 
Infertility Status [3—5] 


Categorized under [1, 2] 


Unknown 


Assessment of Males with Unexplained 
Infertility 


When a couple seeks assistance for infertility issues, a thor- 
ough clinical evaluation of both partners should be performed 
to rule out identifiable causes and focus the investigation 
[15, 16]. The initial infertility workup includes a detailed 
history with an emphasis on the couple’s previous fertility 
record. This may include a history of recurrent miscarriages 
and ectopic pregnancies, the period of time in which the pa- 
tient has been infertile, successful previous pregnancies, and 
any complications that may have occurred before, during, or 
after delivery [2, 17]. Furthermore, a thorough coital history 
from both partners is necessary to reveal any difficulties in 
regard to intercourse, such as improper sexual technique or 
inappropriate timing of intercourse [18]. In addition to male 
infertility evaluation, the female partner should undergo a 
separate workup, in order to assess the patency of both fal- 
lopian tubes, consistency of the cervical mucus, and recep- 
tivity of the endometrium to blastocyst implantation [2, 6]. 

Once a thorough sexual and fertility history has been 
completed, a comprehensive physical exam should be per- 
formed, which can help to exclude anatomical causes of in- 
fertility [2). The physician should carefully examine the male 
patient for any physical aberrations within the structures of 
the male reproductive system. The penis, in addition to the 
epididymis, testis, and spermatic cord, should be palpated in 
order to rule out conditions such as epididymitis, orchitis, 
and varicocele [19-21]. In particular, all of these conditions 
promote the aggregation of free radicals or reactive oxygen 
species (ROS), eventually leading to sperm dysfunction and 
infertility [19]. 


Male infertility of unknown origin 


1. Age 

2. Environmental pollutants 

3. Mitochondrial alterations 

4. Infective agents (i.e., Chlamydia trachoma- 
tis, herpes virus, and adenovirus) 


None 
Known 
Male infertility of unknown origin 


Routine Semen Analysis 


After the completion of an extensive medical history and 
physical examination, a routine semen analysis should be the 
first laboratory test conducted in the infertility workup. This 
is a cost-effective, non-invasive test that has been integral 
in the evaluation of male factor infertility for decades [22]. 
The efficacy of this test lies in the parameters for which it 
tests, which include pH, volume, color, total count, motility, 
concentration, and morphology. 

Sperm count and motility are the first and most impor- 
tant predictors of fertility potential [23]. Normal values for 
all semen parameters have been highly associated with im- 
proved fertility outcomes and therefore are used for the as- 
sessment of infertility [24]. Although semen analysis is the 
first diagnostic step routinely employed in the evaluation of 
UML, it does not identify the exact cause behind the infertil- 
ity [23, 25]. 

Therefore, in addition to a comprehensive history, clinical 
examination, and initial lab assessment, sperm function tests 
should be performed [26, 27]. Moreover, etiologies related to 
endocrine or genetic abnormalities should also be explored 
in the infertile individual [28]. Overall, it is clear that a rou- 
tine semen analysis cannot be used alone to diagnose infer- 
tility. Additional tests are required for the investigation and 
evaluation of the subfertile male [4]. 

Upon obtaining a normal semen analysis concurrent with 
an unremarkable history and physical examination, the phy- 
sician can make the diagnosis of UMI. At this point, the phy- 
sician should then explore potential contributing factors im- 
plicated in the pathogenesis of the UMI [2, 4]. This includes 
immunologic factors, genetic integrity defects, fertilization 
defects, and oxidative stress. The former three are explained 
in greater detail in subsequent chapters whereas oxidative- 
induced UMI is the prominent focus of this chapter. 
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Immunologic Factors 


The immune system of the human body naturally protects its 
cells from the harmful effects of an autoimmune reaction and 
various pathogens [29]. One such defense mechanism is the 
blood-testis-barrier, which protects sperm cells undergoing 
the process of spermatogenesis from an autoimmune attack 
[30]. However, if this barrier is broken, sperm antigens will 
come into contact with the immune system and lead to the 
formation of antisperm antibodies and eventually autoim- 
mune infertility [3 1]. 

In regard to the role of autoimmunity in infertility, studies 
have shown that antisperm antibodies penetrate the blood- 
testis-barrier, bind to spermatozoa, and reduce their fertil- 
ization capacity. These antibodies may also inhibit the ac- 
rosome reaction, activate the complement cascade system 
to lyse sperm cells, and interfere with the sperm’s ability to 
recognize particular binding sites on the zona pellucida [32]. 
Furthermore, they enter the cervical mucus and inhibit the 
ability of spermatozoa to penetrate it. Overall, the improper 
cellular or humoral immune response against sperm antigens 
causes dysfunction of spermatozoa and is a possible contrib- 
uting factor to the unexplained infertility seen in males. 


Defects in Genetic Integrity 


Compromises in genetic integrity have been significantly 
correlated with UMI. Such compromises in DNA can take 
the form of insertion or deletion of bases, cross-linkage of 
strands, chromosomal anomalies, as well as single or double- 
stranded breaks [33]. Current research suggests that there is 
a causal relationship between defective spermatozoa DNA 
and male infertility [34]. This was demonstrated in a study 
that performed microarray analyses on spermatozoa mRNA, 
which illustrated differential expression of many genes be- 
tween normozoospermic infertile men and fertile men. This 
indicates that males with unexplained infertility have distinct 
genome expression profiles specific only to UMI [35-37]. 

Overall, it is evident that large amounts of DNA damage 
in spermatozoa can interfere with a man’s ability to achieve 
a natural, viable pregnancy. Further research needs to be 
conducted on the effects of DNA damage on pregnancy out- 
comes as well as the threshold of damage that allows for 
normal functioning of spermatozoa [33]. 


Fertilization Defects 


Fertilization of the oocyte is a complex and arduous process 
carried out by spermatozoa. It is a multi-step event beginning 
with (1) capacitation, (2) hyperactivation, (3) sperm-zona 
pellucida binding, (4) acrosome reaction, (5) penetration of 
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the zona pellucida, (6) sperm-oocyte fusion, (7) cortical and 
zona reaction, and finally (8) post-fertilization events. Each 
component of this process must be carried out in a precise 
manner because interference with any of these steps can po- 
tentially lead to infertility [38]. Specifically, those with UMI 
have been shown to have reduced levels of protein phosphor- 
ylation, which is necessary for the process of capacitation 
[39]. Moreover, normozoospermic infertile men have dem- 
onstrated decreased hyperactivation of spermatozoa as well 
as defects in the proteins necessary for the zona pellucida 
induced-acrosome reaction [40-42]. Overall, a variety of 
anomalies can take place during the process of fertilization 
and contribute to unexplained infertility in males. 


Oxidative Stress 


Oxidative stress is defined as an imbalance between reactive 
oxygen species (ROS) and antioxidant defense mechanisms 
in the body [43]. ROS comprise a class of radical and non- 
radical oxygen derivatives [44]. Not only do ROS include 
oxygen radicals such as the hydroxyl radical, superoxide 
radical, and hydrogen peroxide but also a subclass of nitro- 
gen-containing compounds collectively known as reactive 
nitrogen species (RNS). Examples of RNS include peroxyni- 
trite anion, nitroxyl ion, nitrosyl-containing compounds, and 
nitric oxide [44, 45]. The most common ROS that is pro- 
duced by spermatozoa is the superoxide anion radical; this is 
turn forms hydrogen peroxide (strong oxidizer) on its own or 
by the action of superoxide dismutase (SOD). 


Physiologic Role of Free Radical Species Studies have 
shown that physiological levels of ROS are required for 
many baseline bodily functions [44]. Moreover, appropriate 
concentrations of ROS allow for proper signal transduction, 
mediation of cytotoxic events, and facilitation of inflamma- 
tion via prevention of platelet aggregation and neutrophil 
adherence to endothelial cells [44]. These free radical spe- 
cies also serve as signaling molecules or second messengers, 
as well as aid in the production of hormones, regulation of 
tight junctions, and mediation of apoptosis. In regard to the 
male reproductive system, low ROS levels are necessary for 
capacitation, hyperactivation, acrosome reaction, zona pel- 
lucida binding and fertilization capacity of spermatozoa and 
promote normal semen parameters, such as sperm motility, 
morphology, and viability [19, 28, 46]. 


Detrimental Role of Reactive Oxygen Species Although 
ROS are necessary for normal physiological functions, 
excess levels overwhelm the body’s natural antioxidant 
capacity. Due to the unpaired electron in their outer orbit, 
ROS are highly reactive and interact with a variety of lipids, 
proteins, and nucleic acids in the body. Such reactions are 
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extremely harmful for reproductive potential and possibly 
contribute to testicular dysfunction, decreased gonadotro- 
pin secretion, and abnormal semen parameters [47]. While 
ROS affect a variety of reproductive functions, their reactive 
nature leads to the generation of more free radicals. This, in 
turn, perpetuates a chain of reactions creating tissue damage 
in the form of oxidative stress [45]. 

In the male reproductive system, ROS are mainly pro- 
duced by immature spermatozoa, macrophages, and poly- 
morphonuclear leukocytes. Specifically, the latter two rep- 
resent the majority of seminal leukocytes that generate ROS 
[48]. Conditions such as varicocele and leukocytospermia 
stimulate these leukocytes, among other inflammatory cells, 
to produce large amounts of ROS. Moreover, lifestyle habits 
such as smoking are strongly correlated with increased ROS 
production [49]. Additionally, these free radical species have 
been associated with cardiovascular disease due to the oxi- 
dation of low density lipoprotein (LDL) within the vascular 
endothelium. Oxidative stress also contributes to reperfusion 
injury following ischemia well as tissue injury after radia- 
tion therapy. Furthermore, infections such as Helicobacter 
pylori and neurodegenerative diseases such as Alzheimer’s 
and Huntington’s disease have been also been linked to the 
accumulation of oxidative stress [48]. 


Role of Oxidative Stress in Unexplained Infertility In addi- 
tion to contributing to a variety of conditions, there is grow- 
ing evidence that oxidative stress is involved in many aspects 
of UMI (Fig. 10.1). Studies have shown that when com- 
pared to fertile men, normozoospermic infertile males have 
elevated ROS levels measured by the malonaldehyde lev- 
els and protein carbonyl groups. [1, 50]. This is also evident 
by lower reactive oxygen species-total antioxidant capacity 
(ROS-TAC) scores in patients with UMI, which indicates 
elevated levels of seminal oxidative stress [51, 52]. More- 
over, studies report high ROS dysfunction in UMI patients. 
This dysfunction can be in the form of reduced fertilization 
capacity, impairment of sperm metabolism, and lipid per- 
oxidation of polyunsaturated fatty acids within the sperm 
plasma membrane [53]. Detrimental effects of high ROS on 
semen parameters such as motility, viability, morphology 
have been demonstrated by numerous studies [54, 55]. Not 
only does oxidative stress have negative consequences on 
sperm parameters but also on the DNA of sperm cells [50]. 
Studies have shown that patients with UMI have a signifi- 
cantly higher DNA fragmentation index (>30%) induced by 
toxic levels of ROS when compared to those who are fertile 
[56]. Specifically, a fragmentation index > 30% is associated 
with lower chances of achieving pregnancy by natural con- 
ception or by insemination [57]. This finding of increased 
ROS levels may indicate that seminal oxidative stress may 
be involved in the pathogenesis of sperm DNA damage in 
these patients [56]. It has also been suggested that specific 
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Fig. 10.1 Schematics of unexplained male infertility resulting in pro- 
duction of reactive oxygen species, genetic defects as well as fertiliza- 
tion defects 


genetic polymorphisms can promote the accumulation of 
oxidative stress within the seminal plasma, such as the glu- 
tathione S-transferase Mu-1 (GSTM1) gene polymorphism. 
Studies have reported that men with idiopathic and unex- 
plained infertility who have the GSTM1 null genotype had 
significantly higher levels of seminal oxidative stress than 
those who possessed the GSTM1 gene. Therefore, in patients 
suffering from infertility, the GSTM1 polymorphism might 
be integral to determining the susceptibility of spermatozoa 
to oxidative damage [58]. Additionally, studies report that 
UMI patients with excess levels of ROS have numerous 
mutations on genetic analysis of sperm mitochondrial DNA. 
Examples of such alterations include nucleotide changes in 
the ATPase and nicotinamide adenine dinucleotide dehydro- 
genase genes. These DNA mutations may be the underlying 
etiology of a male’s unexplained infertility [59]. Further- 
more, reactive oxygen species-induced DNA damage may 
accelerate the process of germ cell apoptosis, leading to the 
decline in sperm counts associated with male infertility [60]. 
Overall, it is clear that the oxidative stress may play a role in 
UMI via the mechanism of spermatozoa DNA damage. 


Measurement of Oxidative Stress 


A number of methods have been utilized in the laboratory 
setting to measure ROS [45]. Direct methods include cy- 
tochrome c reduction, electron spin resonance, and nitro- 
blue tetrazolium technique (NBT, and xyenol orange-based 
assay). Indirect methods of measurement include the Endtz 
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test, redox potential (GSH/GSSG), measurement of lipid 
peroxidation levels, chemokines and measurement of DNA 
damage, and measurement of reactive nitrogen species by 
Greiss reaction and fluorescence spectroscopy [61]. 


Assessment of ROS by Chemiluminescence The chemilumi- 
nescence assay is one of the most commonly used techniques 
to measure seminal ROS levels in clinical andrology labora- 
tories. The two commonly used probes are luminol (5-amino- 
2,3-dihydro-1,4-phthalazinedione and  3-aminophthalic 
hydrazide) and lucigenin (N, N’-dimethyl-9,9’-biacridinium 
dinitrate). Both H,O, and O,° are involved in luminol-depen- 
dent chemiluminescence because both catalase and SOD can 
disrupt the luminol signal very efficiently. A luminescent sig- 
nal is produced with luminol through a one-electron oxida- 
tive event mediated by hydrogen peroxide (H,O,) and either 
endogenous peroxidase or by addition of horse radish peroxi- 
dase. Superoxide anion (O,° )is an essential intermediate for 
the luminol-dependent chemiluminescence. Also, the redox 
cycling activity associated with this probe allows the signifi- 
cant amplification of the signal and allows easy measurement 
of H,O, There are a variety of luminometers available and 
these may be single tube or multiple tube luminometers [61]. 

Luminol measures both intracellular and extracellular 
ROS such as hydrogen peroxide, and superoxide anion, on 
the other hand, lucigenin measures only extracellular ROS, 
and in particular superoxide anion. 

For the actual assay, luminol (5 millimolar) is used to 
measure ROS in a clinical andrology lab setting. Chemilumi- 
nescence is measured using an instrument called luminom- 
eter (Fig. 10.2). Luminol is sensitive to light and the assay 
is performed in indirect light or in the dark. The samples 
are run in duplicate or in triplicate with appropriate negative 
and positive controls. Test samples are comprised of 400 uL 
of completely liquefied seminal ejaculate +10 uL luminol; 
positive control: 400 uL of phosphate buffered saline (PBS) 


Fig. 10.2 A multitube Autolumat 953 plus luminometer used in the 
measurement of ROS by chemiluminescence assay. Multiple tubes can 
be loaded simultaneously for measuring ROS. (Reprinted with permis- 
sion, Cleveland Clinic Center for Medical Art & Photography © 2011— 
2013. All rights reserved) 
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and 50 uL hydrogen peroxide (30%)+10 uL luminol; and 
negative control: 400 uL PBS and 10 uL luminol. (Fig. 10.3) 
The measurement is for 15 min. The results are expressed 
as relative light units (RLU)/s/10° sperm. ROS levels 
>20(RLU)/s/10° sperm are considered as positive. 


Flow Cytometry Flow cytometry is a laboratory method 
used for analyzing the expression of cell surface markers 
and intracellular molecules. Oxidation of 2, 7 dichlorofluo- 
rescein diacetate (DCFH-DA) by ROS, which is generated 
within the cell, makes them highly fluorescent and can be 
used to measure formation of intracellular levels of hydrogen 
peroxide. Hydroethidine (HE) is another fluorescent probe 
that can be used for the measurement of intracellular levels 
of superoxide [61, 62]. 


Griess Test and Spectrophotometry The Griess test is one 
of the most sensitive methods for detecting ROS in the form 
of nitrite or nitrous acid. Specifically, the presence of these 
NO-containing compounds can be assessed by reacting them 
with sulfanilic acid. The resulting product is a diazonium 
compound, which combines with alpha-naphthylamine to 
produce pink azo dye that is highly absorbent. In particular, 
the formation of this dye can be used to measure amounts 
of any substance that will yield nitrite in known proportions. 
The amount of nitrogenous compounds absorbed by the azo 
dye is measured colorimetrically [63, 64]. 


Measurement of Other Parameters of Oxidative 
Stress 


Total antioxidant capacity In addition to measuring levels 
of ROS, total antioxidant capacity and DNA damage can 
also be evaluated to study the impact of oxidative stress 
on UMI. Total antioxidant capacity can be measured in 
the seminal plasma samples using an antioxidant assay kit 
(Cayman Chemical Company, Ann Arbor, Michigan). Its 
principle is based on the ability of aqueous and lipid-based 
antioxidants in seminal plasma to inhibit oxidation of the 
ABTS (2,2’-Azino-di-[3-ethylbenzthiazoline sulphonate]) 
to ABTS®*. Under the reaction conditions used, the antioxi- 
dants in the seminal plasma suppress absorbance at 750 nm 
to a degree that is proportional to their concentration. The 
capacity of the antioxidants in the sample to prevent ABT- 
Soxidation can be compared with that of Trolox, a water- 
soluble tocopherol analog, and the results are reported as 
micromolar trolox equivalents [65]. 


Measurement of DNA damage DNA damage can be mea- 
sured by the terminal deoxynucleotidyl transferase-mediated 
fluorescein-dUTP nick end labeling (TUNEL) assay. In 
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Fig. 10.3 Schematics of sample 
preparation for the ROS measure- 
ment. A total of 11 tubes are 
labeled from S1—S12: blank, 
negative control, patient sample, 
and positive control. Luminol is 
added only to all tubes except 
blank. Hydrogen peroxide is 
added only to the positive control 
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this assay, sperm DNA fragmentation is evaluated using a 
TUNEL assay with an Apo-Direct™ kit (Pharmingen, San 
Diego, CA) as described earlier [66, 67]. An aliquot of well 
liquefied seminal ejaculate is used to assess DNA damage 
using the TUNEL assay. Briefly, 1-2 million spermatozoa 
are washed in (PBS) and resuspended in 3.7 % paraformalde- 
hyde; the sperm concentration is adjusted to 1-2 x 10° sperm/ 
mL. Spermatozoa are washed to remove the paraformalde- 
hyde and then resuspended in 70 % ice-cold ethanol. Positive 
and negative kit controls provided by the manufacturer are 
run in addition to the lab internal control specimen (speci- 
mens from donors and patients with known DNA damage) 
with each run. Following a second wash with “Wash buf- 
fer” to remove ethanol, the sperm pellets are resuspended 
in 50 uL of freshly prepared staining solution for 60 min 
at 37°C [66, 67]. The staining solution contains terminal 
deoxytransferase (TdT) enzyme, TdT reaction buffer, fluo- 
rescein isothiocynate tagged deoxyuridine triphosphate 
nucleotides (FITC-dUTP) and distilled water. After washing 
in “Rinse buffer” they are re-suspended in 0.5 mL of prop- 
idium iodide/RNase solution, and incubated for 30 min in 
the dark at room temperature followed by flow cytometric 
analysis. The samples are next analyzed within an hour after 
PI/RNase staining. 

All fluorescence signals of labeled spermatozoa are ana- 
lyzed by the flow cytometer FACScan (Becton Dickinson, 
San Jose, CA). About 10,000 spermatozoa are examined 
for each assay at a flow rate of < 100 cells/s. The excitation 


working solution 10 uL Luminol (5mM) 


working solution 


wavelength is set at 488 nm supplied by an argon laser at 
15 mW. Green fluorescence (480-530 nm) is measured in 
the FL-1 channel and red fluorescence (580—630 nm) in the 
FL-2 channel. The percentage of positive cells (TUNEL- 
positive) is calculated on a 1023-channel scale using the 
flow cytometer software FlowJo Mac version 8.2.4 (Flow- 
Jo, LLC, Ashland, OR) [66, 67] (Fig. 10.4). Samples with 
> 19% DNA damage are considered as positive or abnormal. 


Therapeutic Options for UMI 


Upon receiving a diagnosis of UMI, a couple must decide if 
they would like to identify the precise cause of the infertil- 
ity. This decision is quite important, for it allows the most 
appropriate treatment option to be considered [7]. However, 
in the face of no functional abnormalities, watchful waiting 
is suggested as a valid treatment option for UMI if the fe- 
male partner is younger than 35 years and the couple has had 
infertility problems for less than three years. This is due to 
the high spontaneous conception rate seen in couples who 
fall into these criteria [68]. If chances of achieving a sponta- 
neous pregnancy are minimal, the clinician should continue 
trying to find the cause of the infertility via testing. 

The tests for determining infertility are quite specific and 
manifold. Thus, in order to save the patient time and money, 
it is essential to narrow down the underlying cause of UMI 
so that unnecessary tests are not performed [69]. Subsequent 
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chapters will go into further details regarding the battery of 
tests available for detecting the functionality of spermatozoa, 
defects in genetic integrity, as well as the fertilization poten- 
tial of sperm [70, 71]. 

Once the contributing cause has been determined, a va- 
riety of treatment options can be used. Specifically, when 
considering infertile males with antisperm antibodies, DNA 
damage, fertilization defects, or oxidative stress, studies 
have shown that intracytoplasmic sperm injection (ICSI) is 
the most successful treatment of choice [1]. In this assisted 
reproductive technique (ART), a spermatozoon is directly 
injected into an oocyte’s cytoplasm. This allows for direct 
fertilization of the oocyte and bypasses any barriers that 
spermatozoa may encounter during the natural fertilization 
process [72]. Nevertheless, this technique does not come 
without its risks. If a defective sperm happens to be selected 
for ICSI, the resulting pregnancy has a risk of giving rise to 
mutations after fertilization. This is because damage to the 
spermatozoa, often in the form of compromised genetic in- 
tegrity, cannot be fixed during the early stages of embryonic 
development as ICSI directly injects the spermatozoon into 
the egg. As a result, there are no natural protections avail- 
able to the spermatozoa on its journey to the oocyte [73]. 
Although ICSI is a promising treatment for UMI due to a 
myriad of causes, further research is still needed on the com- 
plications of this technique in regard to embryo development 
and pregnancy outcomes [72]. 

When considering oxidative stress as the sole cause of 
man’s unexplained infertility, a multitude of treatment op- 
tions exist. One such treatment includes dietary antioxidant 
supplementation. Specifically, antioxidants neutralize ROS 
and prevent subsequent tissue damage as a result of oxida- 
tive stress [74]. Helpful antioxidants include carnitine, se- 
lenium, zinc, lycopene, vitamin E, and vitamin C. Adding 
these antioxidants to the diet of males with unexplained 


infertility has shown to substantially improve sperm DNA 
damage, pregnancy rates, semen parameters, and live birth 
outcomes [75]. However, more research needs to be done to 
determine the dose and duration of antioxidant therapy that 
will eliminate oxidative stress without causing any harmful 
side effects. 

Other helpful methods for ROS-induced UMI include 
a variety of lifestyle modifications: consuming more fruits 
and vegetables, exercising, and avoiding tobacco products 
[2 75]. 


Conclusion 


Upon reviewing the literature, it can be concluded that nor- 
mal sperm parameters do not guarantee full fertilization ca- 
pacity of spermatozoa. Only after performing a thorough his- 
tory and physical exam of both partners in the face of a nor- 
mal semen analysis should UMI be considered. Specifically, 
doing this can help rule out female infertility factors, coital 
and genetic problems, as well as any physical aberrations. It 
is also important to fully comprehend the process of fertil- 
ization and the various components required for maximum 
fertilization potential of sperm. Upon confirming a diagnosis 
of UMI, a variety of factors should be explored as sugges- 
tive causes of infertility. These include autoimmune antibod- 
ies, DNA damage, fertilization defects, and oxidative stress. 
Modern andrology has developed innovative treatment op- 
tions specific to the case of UMI. Overall, further molecular 
and genetic studies are needed to better understand the phys- 
iology of spermatozoa and the overall fertilization process. 
Finally, long-term clinical trials need to be performed in 
order to assess the effects of various reproductive techniques 
on pregnancy rates and embryo outcomes. 
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Sandro C. Esteves, Sidney Verza Jr., Rakesh K. Sharma, 
Jaime Gosálvez and Ashok Agarwal 


Introduction 


Semen analysis has traditionally been one of the first steps in 
the evaluation of the infertile male [1]. Conventional semen 
analysis assesses the physical characteristics of semen, spec- 
imen volume, sperm concentration, sperm motility and pro- 
gression, sperm morphology, and the number of leukocytes. 
It provides information on the functional status of the semi- 
niferous tubules, epididymis, and accessory sex glands, and 
its results are often taken as a surrogate measure of his ability 
to father a pregnancy. Although helpful, conventional semen 
analysis cannot alone be used to predict the male fertility po- 
tential. It is significantly modulated by internal and external 
factors, such as abstinence period, overall health status, and 
environmental exposure to toxicants, to cite a few, thus lead- 
ing to difficulties in the interpretation and management of 
infertile men with normal and abnormal results. Therefore, 
the male infertility evaluation must go far beyond a simple 
semen analysis, as it has to be complemented with a proper 
physical examination, a comprehensive history taking, and 
relevant endocrine, genetic, and other investigations, includ- 
ing laboratory sperm functional tests [2]. The importance of 
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semen analysis in the management of men with unexplained 
infertility (UI) is covered in greater detail in Chap. 3. 

When all semen parameters are normal and after ruling 
out female infertility, there is a role for using specific labora- 
tory tests which may identify the potential causes of male 
infertility in couples otherwise classified as having UI. In 
this scenario, possible factors in males that might explain 
difficulties to conceive include the presence of elevated 
antisperm antibodies (ASA) levels, increased sperm DNA 
damage, elevated levels of reactive oxygen species (ROS) 
in the seminal plasma and/or sperm, and sperm dysfunctions 
that impair the fertilization process as a whole, including 
the sperm ability to penetrate the cervical mucus, capacita- 
tion, acrosome reaction (AR), and sperm penetration into the 
oocyte and fusion with the oolemma. 

In an attempt to quantitatively and/or qualitatively mea- 
sure these aforesaid factors, some tests are available, as list- 
ed in Table 11.1. 

For many years, tests that assessed ASA, AR, capacita- 
tion, sperm—zona, and ovum—membrane binding, and pen- 
etration were used not only to investigate males with UI but 
also to predict the fertilizing potential of sperm. Unfortu- 
nately, clinicians do not have effective clinical treatment to 
offer their patients when defects in the aforementioned steps 
are found. Still, with the advent of intracytoplasmic sperm 
injection (ICSD), these issues are no longer a concern as these 
critical steps are bypassed by ICSI. As such, many of the 
tests have been abandoned or are rarely used. In contrast, 
modern Andrology testing involving genetics, proteomics, 
and metabolomics holds much more promise since there is 
an opportunity for treatment in the face of abnormal results. 
Examples of tests in these categories, which have already 
been made available in the clinical setting, include sperm 
DNA chromatin tests (genetics) and quantification of oxi- 
dative stress markers (metabolomics). Sperm DNA integrity 
tests are of particular interest provided they are low cost and 
easy-to-implement. Moreover, results correlate with spon- 
taneous, conventional in vitro fertilization (IVF), and ICSI 
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Table 11.1 Laboratory tests to assess sperm function 
Target of investigation Available tests 


Antisperm antibodies 


S. C. Esteves et al. 


Mixed agglutination reaction (MAR) test 


Direct immunobeads binding test (direct IBT) 


Fertilization defects Hemizona assay 


Sperm—zona binding ratio test 


Hyperactivation (HA) motility 


Acrosome reaction assays 


Sperm penetration assay (SPA) 


Oxidative stress 


Thiobarbituric acid reactive substances (TBARS) assay 


Chemiluminescence assays 


Superoxide anion by nitroblue tetrazolium (NBT) reduction test 


Sperm DNA integrity 
Comet assay 


Terminal deoxy nucleotidyl transferase mediated dUTP nick end labeling (TUNEL) assay 


Sperm chromatin structure assay (SCSA) 


Sperm chromatin dispersion (SCD) test 


outcomes, thus hindering sperm chromatin testing a valid 
sperm biomarker. 

In this chapter, we describe the tests clinically available 
to investigate males with UI, including the traditional and 
novel ones, and discuss their utility in practical terms. We 
also present our experience in using some of these tests in 
our laboratories. 


Antisperm Antibodies 


ASA, the hallmark of autoimmune male infertility, are impli- 
cated in sperm dysfunction by their direct effect on various 
sperm antigens. ASA may induce sperm apoptosis and un- 
timely AR [3]. ASA may also hinder fertilization by interfer- 
ing with sperm penetration into the cervical mucus, zona pel- 
lucida (ZP) binding, and sperm—oocyte fusion. Furthermore, 
ASA may alter chaperone function, protein folding, and di- 
sulphide bonds [4]. These alterations ultimately decrease the 
chances of achieving a natural conception [5]. As a matter 
of fact, Ayvaliotis et al. reported a significantly lower spon- 
taneous conception rates (15.3%) in couples where autoim- 
munity to sperm was detected compared with those without 
clinically relevant levels of ASA (66.7%, p<0.05) [5]. 

Sperm agglutination and/or immobilization is usually ob- 
served in association with ASA, and may limit sperm pro- 
gression through the female genital tract [6]. The findings of 
sperm agglutination, “shaking motility,” or both, during con- 
ventional semen analysis are highly suggestive of elevated 
ASA titers [7]. The term “agglutination” describes sperma- 
tozoa that are stuck to each other by antibodies. Sperm ag- 
glutination usually occurs in specific manners such as head- 
to-head, midpiece-to-midpiece, tail-to-tail, or tail-tip-to-tail- 
tip [8]. On the other hand, “shaking motility” is a pattern of 
sperm movement characterized by a very strong tail move- 
ment associated with a nonprogressive motility that results 
in immobilization [8]. 


Although immunoglobulin subclasses IgA, IgG, and 
IgM can be found in human ejaculates, IgA seems to be the 
most important one from a biological standpoint [9, 10]. IgA 
bound to the sperm surface significantly impair sperm pro- 
gression through the cervical mucus [10]. Nevertheless, im- 
munoglobulins can adhere to various sperm sites regardless 
of their subclasses [5]. 

It is out of our scope to provide a comprehensive review 
on immunologic male infertility since it is discussed in 
Chap. 9. Our focus is otherwise to present the tests to deter- 
mine ASA, as well as their advantages and limitations. 


Laboratory Tests to Detect Antisperm 
Antibodies 


Concerning the testing for ASA in UMI, the specimen of in- 
terest is the semen. ASA can also be assessed in the seminal 
plasma when low sperm counts and/or motility limits the 
applicability of the assay. However, such conditions are as- 
sociated with abnormal semen analysis results, and therefore 
do not meet the criteria of UMI. The immunobeads binding 
test (IBT) and the mixed agglutination reaction (MAR) test 
are the most commonly used among andrology laboratories 
performing ASA determination (Table 11.2) [11]. 


Mixed Agglutination Reaction Test 


The MAR test is an inexpensive, quick, and sensitive screen- 
ing test in which sheep erythrocytes or latex particles coated 
with human IgG or IgA are used to detect and localize an- 
tibody-bound sperm [12, 13]. The formation of mixed ag- 
glutinates between the particles/red blood cells and motile 
spermatozoa indicates the presence of IgG or IgA antibodies 
on the spermatozoa. 
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Table 11.2 Methods for assessing antisperm in men with unexplained male infertility 


Assay 


Direct immu- 
nobeads test 
(IBT) 


Mixed agglu- 
tination reac- 
tion (MAR) 
test 


Principle 


Polyacryl- 
amide beads 
coated with 
antihuman 
immunoglob- 
ulin antibodies 
against a, y-, 
and u-chains 
that bound 

to antibod- 

ies present in 
spermatozoa 
A “bridg- 

ing” antibody 
(anti-IgG or 
anti-IgA) is 
used to bring 
the antibody- 
coated beads 
into contact 
with unwashed 
spermatozoa 
in semen bear- 


Advantage 


Identify the 
proportion 

of antibody- 
bound sperm, 
the antibody 
class, and the 
location of 
the antibodies 
on the sperm 
surface 


Inexpensive, 
quick and 
sensitive 
screening test; 
agglutination 
between beads 
serves as a 
positive con- 
trol for anti- 
body—antigen 
recognition 


Disadvantage 


More time 
consuming than 
the MAR test; 
ASA-positive 
spermatozoa and 
ASA-negative 
spermatozoa 
should be 
included as con- 
trols in each test 


Provides less 
information than 
the direct immu- 
nobead test 
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Specimen How results Normal limits Clinical 
are expressed significance 
in unex- 
plained male 
infertility 
Ejaculated Percentageof <50% of Significantly 
sperm motile sper- motile sperm lower (15.3 %) 
matozoa with bounded to concep- 
beads bonded the beads tion rates 
to their in couples 
membrane with sperm 
autoimmunity 
compared 
to couples 


without clini- 
cally relevant 
levels of 
ASA (66.7%, 
p<0.05) [5] 


ing surface 
IgG or IgA 


Immunobeads Binding Test 


IBT is more time consuming than the MAR test, but it iden- 
tifies the proportion of antibody-bound sperm in a given 
sample, the antibody class, and the location of antibodies 
on the sperm surface. IBT is our preferred approach to de- 
termine the levels of ASA in the semen, seminal plasma, 
and cervical mucus. IBT involves the use of poliacrilamide 
microspheres coated with human anti-immunoglobulin 
combined IgA, IgG, and IgM classes. These treated beads 
adhere to light or heavy antibody chains [14]. The test is 
termed “direct” when it investigates the presence of ASA 
on the surface of motile spermatozoa in ejaculates (direct 
IBT), and is termed “indirect” when used to test for ASA 
in the seminal plasma or cervical mucus (indirect IBT). 
First, a screening test is performed to determine the per- 
centage of spermatozoa with surface antisperm-bound, re- 
gardless of immunoglobulin subclasses. In case of positive 
results, ASA subclasses can be assessed and quantified. The 
method involves the incubation of an aliquot of liquefied 
semen containing 8—10 million motile sperm with a suspen- 
sion of immunobeads diluted with protein-supplemented 
phosphate buffer saline (PBS). The mixture is then washed 
by centrifugation and resuspended in PBS supplement- 
ed with 5% bovine serum albumin (BSA). An aliquot of 
8 uL of sperm suspension and immunobeads is placed on 


a glass microscope slide, and checked for the presence of 
ASA. Slides are analyzed under phase-contrast microscope 
at 400x magnification to determine the presence of beads 
bounded to the sperm surface (Fig. 11.1). Only motile sper- 
matozoa are evaluated and at least 200 cells are analyzed. 
Results are based on the percentage of spermatozoa with 
beads bounded to their membrane [6, 15]. The cutoff value 
for normality is <50% of motile sperm bounded to the 
beads according to the World Health Organization (WHO) 
guidelines for assessing the human sperm [16]. 


Antigen Sperm-Bound 
Fig. 11.1 Illustration depicting the immunobeads binding test (IBT). 
Human anti-immunoglobulin-coated beads are mixed with motile sper- 
matozoa. Anti-immunoglobulins (antibodies) combine with the immu- 
noglobulins (sperm-bound) present on the sperm surface. The presence 
of beads bounding to the sperm surface is examined under phase-con- 
trast microscopy 
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Fertilization Defects 


The sperm fertilizing potential is related to its ability of un- 
dergoing capacitation, ZP binding, and AR, which ultimately 
leads to sperm penetration into the oocyte and fusion with 
the oolema. 

In vivo, ejaculated spermatozoa from all Eutherian mam- 
mals are unable to fertilize until they have undergone ca- 
pacitation, which allows the AR to take place, when they 
approach or contact the oocyte [17]. Capacitation has been 
recognized as a time-dependent phenomenon, with the ab- 
solute time course being species-specific [18]. Capacitation 
prepares the sperm to undergo AR with the accompanying 
release of lytic enzymes and exposure of membrane re- 
ceptors, which are required for sperm penetration through 
the ZP and for fusion with the oolema [18]. Sperm trans- 
port through the female genital tract can occur quite rapidly 
(times as short as 15 to 30 min have been reported in hu- 
mans), whereas the capacitation process can take from 3 to 
24 h [18]. It is speculated, therefore, that capacitation is not 
completed until after spermatozoa have entered the cumulus 
oophorus. This delay is physiologically beneficial because 
spermatozoa do not respond to AR-inducing signals until 
they have approached the ZP, thus preventing premature AR 
that ultimately leads to sperm inability to timely penetrate 
the egg vestments [18, 19]. Sperm capacitation is a poste- 
jaculatory modification of the sperm surface, which involves 
the mobilization and/or removal of certain surface compo- 
nents of the sperm plasma membrane, such as glycoproteins, 
decapacitation factor, acrosome-stabilizing factor, and acro- 
sin inhibitor. Sperm capacitation involves major biochemi- 
cal and biophysical changes in the membrane complex and 
energy metabolism. The presence of high concentrations of 
cholesterol in the seminal plasma, which maintains high cho- 
lesterol concentration in the sperm membranes, seems to be 
the most important factor for inhibition of capacitation [20]. 
Capacitation is associated with increased membrane fluidity 
caused by removal of cholesterol from sperm plasma mem- 
brane via sterol acceptors from the female tract secretions 
(21, 22]. A marked change in sperm motility, named hyper- 
activation (HA), is the first step in this complex process. 
Hyperactivated spermatozoa exhibit an extremely vigorous 
but nonprogressive motility pattern, as a result of a Ca? in- 
flux, which causes increased flagellar curvature [23] and ex- 
treme lateral movement of the sperm head [8]. Proteasome 
participates in activating calcium channels that also leads 
to increased membrane fluidity and permeability [24-27]. 
These events are followed by or occur simultaneously with 
(1) a decrease in net surface charge, (ii) the absence of in- 
tramembrane protein and sterols area, and (iii) increased 
concentrations of anionic phospholipids [27, 28]. Hyperacti- 
vated motility is essential for sperm penetration into the in- 
tact oocyte-cumulus complexes in vitro and in vivo [29, 30]. 
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Various components of the female reproductive tract act as 
physiological stimuli for HA, such as progesterone, ions, and 
secretions in the oviduct luminal fluid [31]. The extent of 
which sperm is hyperactivated is positively correlated with 
the sperm’s ability of zona binding, AR, zona-free oocyte 
penetration, and thus fertilizing capacity in vitro [31]. 

The spermatozoon binds to the ZP with its intact plasma 
membrane after capacitation and penetration into the cumulus 
oophorous. Sperm binding occurs via specific receptors to 
ZP glycoproteins located over the anterior sperm head [32]. 
Glycosylation of ZP glycoproteins is important in sperm- 
ZP interaction. It is believed that human ZP glycoprotein-3 
(ZP3) has a central role in initiating the AR [33]. However, 
human ZP1 and ZP4 are also implicated in the process [21, 
22, 34-37]. ZP3-induced AR involves the activation of T-type 
voltage operated calcium channels (VOCCs), whereas ZP1- 
and ZP4-induced ARs involve both T- and L-type VOCCs. 
Chiu et al. [38] reported that glycodelin-A, a glycoprotein 
present in the female reproductive tract, sensitizes sperma- 
tozoa to undergo ZP-induced AR. The process involves the 
activation of the adenylyl cyclase/PKA pathway along with 
up-regulation of ZP-induced calcium influx and suppres- 
sion of extracellular signal-regulated kinase activation. It is, 
therefore, suggested that glycodelin-A may be important in 
vivo to ensure full responsiveness of human spermatozoa to 
the ZP. Defective ZP-bound sperms are present in approxi- 
mately 15% of subfertile men with normal semen analysis, 
and it may explain the low success of IVF and intrauterine 
insemination (IUI) when these methods are applied in certain 
cases of UI [39, 40]. The presence of defective sperm—ZP 
binding in infertile men with normal semen parameters may 
be due to either a defective signal transduction pathways up- 
stream of protein kinases A and C, or downstream disorders, 
structural defects, or absence of sperm receptors for ZP bind- 
ing [12]. Such defects are not identified unless specialized 
sperm function tests are used [41]. 

The AR is a stimulus-induced process that involves fusion 
of the sperm plasma membrane with the outer acrosomal 
membrane. This process leads to the release of exocytotic 
proteolytic enzymes in response to sperm—ZP binding [42, 
43]. The mammalian sperm head is composed of two main 
structures, the acrosome and the nucleus. The acrosome is a 
membrane-bound organelle derived from the Golgi complex 
located in the anterior portion of the sperm head. In humans, 
the acrosome occupies 40-70% of the sperm head and its 
contents include proteases such as proacrosin, hyaluroni- 
dase, and phospholipase A2. Spermatozoa bind to the ZP 
with intact acrosomes. Then, multiple fusions between the 
outer acrosomal membrane and the plasma membrane result 
in the release of hydrolytic enzymes (mostly acrosin) and 
exposure of new membrane domains, both of which essential 
for fertilization. The released hydrolytic enzymes digest the 
ZP, allowing the spermatozoa to penetrate the oocyte [32]. 
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The AR seems to be physiologically induced by natural 
stimulants such as follicular fluid (FF), progestin, progester- 
one, and hydroxy progesterone, all of which bind to sperm 
receptors [28]. FF and cumulus cells have protein-bound 
progesterone, and this hormone is considered among the 
most important AR-inducing agents [43, 44]. However, other 
sperm-deriving factors may also play a role in this process. 
For instance, a link between estradiol locally produced by 
ejaculated spermatozoa, sperm capacitation, and AR have 
been demonstrated [45]. These stimulatory signals are in- 
tracellularly transduced via second messengers ultimately 
leading to exocytosis [46]. A number of second-messenger 
pathways have been identified in human spermatozoa, in- 
cluding those that result in the activation of cyclic adenosine 
monophosphate (cAMP), cyclic guanosine monophosphate 
(cGMP), and phospholipid dependent protein kinases [27, 
47-49]. These kinases are called, respectively, protein ki- 
nases A, G, and C. It is possible that these pathways interact 
to assure an optimal response at the correct place and time 
during the fertilization process. 

The AR is a time-dependent phenomenon that cannot 
take place prematurely or too late [47]. As such, acrosome 
integrity is crucial for normal fertilization both in vivo and 
in vitro. In fact, a high proportion of sperm with intact acro- 
somes is seen in ejaculates of normal men. In such individu- 
als, ~5—20% sperm cells exhibit spontaneous AR devoid of 
clinical significance [48]. In contrast, abnormal conditions 
affecting the sperm may lead to decreased fertilization abil- 
ity. One example is acrosomeless round-headed spermatozoa 
(globozoospermic spermatozoa) that are unable to fertilize. 
Increased percentages of morphologically abnormal acro- 
somes have also been related to fertilization failure in as- 
sisted conception using conventional IVF [49]. In addition, 
premature AR and sperm inability to release the acrosomal 
contents in response to proper stimuli (AR insufficiency) 
have been associated with unexplained male infertility [50]. 
Although the cause of premature AR is unknown, the pre- 
mature (stimulus independent) initiation of acrosomal exo- 
cytosis seems to be related to a perturbation of the plasma 
membrane stability. In this context, the AR may not involve 
a premature activation of the receptor-mediated process, but 
rather reflect an inherent fragility of the sperm membrane, 
leading to a receptor-independent acrosomal loss [51]. 

ASA may also adversely affect the ability of sperm 
to undergo capacitation and AR [15]. Chang et al. [52] 
reported a reduction in fertilization either by the action of 
IgG directly bound to sperm or IgM present in the female 
serum. Moreover, the combination of IgG and IgA has syn- 
ergistic negative effects on fertilization [53-56]. Gonado- 
toxic substances can also influence AR. High concentrations 
of dietary phytochemicals, such as genistein isoflavone and 
B-lapachone, were shown to suppress the AR in a dose- and 
time-dependent manner in the rat model [57]. Inhibition 


of AR by genistein seems to involve the protein kinase C 
pathway while B-lapachone has a direct cytotoxic effect on 
the sperm cell membrane. It is suggested that genistein and 
B-lapachone may impact male fertility via AR suppression 
in high doses and AR induction in low doses [57]. Calcium 
channel blockers may also interfere with the AR exocytic 
event. Sperm incubation with different blockers, such as tri- 
fluoperazine (calmodulininhibitor), verapamil (Ca?* channel 
inhibitor), and nifedipine (voltage-dependent Ca** channel 
inhibitor) significantly reduces the ability of hamster sperm 
to undergo AR [58]. The frequency of acrosome-reacted 
spermatozoa is also increased by the recreational use of 
marijuana [59]. Falzone et al. [60], studying the effect of 
pulsed 900-MHz GSM mobile phone radiation on the AR 
of human sperm, observed that despite not adversely affect- 
ing the AR rate, radiofrequency electromagnetic fields (RF- 
EMF) exposure significantly impaired sperm morphometry 
and the ability of sperm binding to the hemizona. Finally, 
Mukhopadhyay et al. evaluated the in vitro effect of benzo[a] 
pyrene, a substance present in cigarettes, on sperm HA and 
acrosome status of normozoospermic semen specimens. 
They observed a significant increase in sperm HA as well 
as in the premature AR rates in the presence of benzo[a]py- 
rene [61]. In conclusion, exogenous factors may affect the 
sperm’s ability to undergo timely AR, thus hindering such 
gametes infertile. 


Laboratory Tests to Measure Fertilization 
Defects 


Several tests can be used to measure sperm fertilization 
defects at different levels, as summarized in Table 11.3. 


Assessment of Sperm Binding Using Human 
ZP Assays 


The hemizona assay and the sperm—zona binding ratio test 
are used to evaluate sperm binding to the human ZP [12]. The 
hemizona assay uses human oocytes from which a single ZP 
is isolated and split in half. One half is incubated with fertile 
donor sperm (positive control) and the other half is incubated 
with patient sperm (Fig. 11.2). In the sperm—zona binding 
ratio test, a complete zona is incubated with equal numbers 
of motile spermatozoa from control and test populations, 
each labeled with a different fluorescent dye [67]. Irrespec- 
tive of the method, the number of spermatozoa bounded to 
the zona is counted and results are expressed as a ratio of the 
number of test sperm to that of control, with less than 30% 
considered abnormal [18]. These tests are clinically useful in 
cases of UI and low or failed fertilization after conventional 
IVF [12, 62, 68]. 


96 


Table 11.3 Functional in vitro tests for measuring sperm fertilization defects at different levels 


Level of 
assessment 


Sperm binding to 
the human zona 


Capacitation 


Acrosome 


Assay 


Hemizona assay 
(HZA) 


Sperm—zona 
binding ratio test 
(SZBT) 


Hyperactivated 
motility 


ZP-induced AR 
(ZPIAR) 


Principle 


In HZA, a single 
ZP is split in 
half; one half is 
incubated with 
donor sperm 
(positive control) 
and the other 
half is incubated 
with patient 
sperm 

In SZBT, a 
complete zona is 
incubated with 


equal numbers of 


motile sper- 
matozoa from 
control and test 
populations, 
each labeled 
with a different 
fluorescent dye 


Assessment of 
sperm motility 
using comput- 
erized motion 
analysis in 
conjunction 
with kinematics 
module 


Assessment of 
the human sperm 
acrosome using 
lectins, mono- 
clonal antibod- 
ies, or staining 
techniques to 
distinguish the 
proportions of 
cells with intact 
and reacted 
acrosomes after 
exposure to zona 
pellucida 


Specimen 


Ejaculated sperm 


Ejaculated sperm 


Washed sperm 
incubated under 
capacitating 
conditions 


Washed sperm 
incubated under 
capacitating 
conditions 


How results are 
expressed 


Ratio of patient 
and control sper- 
matozoa bound 
to the zona 


Identical to HZA 
assay 


Percentage of 
motile sperm 
exhibiting 
hyperactivation 
motility 


A score is calcu- 
lated by subtract- 
ing the baseline 
frequency of 

AR from the 
values obtained 
following 
incubation with 
zona pellucida 


Normal limits 


>30% 


>30 % 


>20% 


>15% 
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Clinical 
relevance 


Men with defec- 
tive ZP-binding 
showed a 
reduced chance 
of achieving 
successful fer- 
tilization when 
undergoing IVF 
[62] 


Two of eighteen 
men with unex- 
plained infertility 
showed lack of 
sperm binding to 
the zona despite 
having sperm 
morphology and 
hyperactivation 
status similar to 
fertile individu- 
als [41] 
Significant 
decrease in the 
percentage of 
hyperactivated 
sperm in infertile 
men compared 
to fertile controls 
after overnight 
incubation with 
capacitating 
conditions [63] 
Follicular fluid 
(FF)-induced 
hyperactivation 
significantly 
lower in patients 
with unexplained 
infertility in 
comparison with 
normal fertile 
men [41] 
Patients with 
unexplained 
infertility in 
whom sperm- 
ZP binding is 
normal may 
have a defective 
ZP-induced AR 
(ZPIAR), which 
will result in 
reduced sperm- 
ZP penetration 
and fertilization 
failure [64] 
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Table 11.3 (continued) 


Level of 
assessment 


Fusogenic ability 
of the acrosome- 
reacted sperm 
with the oolema 


Assay 


Acrosome reac- 
tion to iono- 
phore challenge 
(ARIC) 


Sperm penetra- 
tion assay (SPA) 


Principle 


Assessment 

of the human 
sperm acrosome 
using lectins, 
monoclonal 
antibodies, 

or staining 
techniques to 
distinguish the 
proportions of 
cells with intact 
and reacted 
acrosomes after 
exposure of 
stimulants 
Sperm incuba- 
tion with capaci- 
tation media and 


acrosome reac- 
tion stimulants, 
and assessment 
of the number of 
sperm that pen- 


Role and Significance of Sperm Function in Men with Unexplained Infertility 


97 

Specimen How results are Normal limits Clinical 

expressed relevance 
Washed sperm A score is Baseline Defective 
incubated under calculated by frequency of ZPIAR was 
capacitating subtracting AR above found in 25% of 
conditions the baseline 15% indicates normozoosper- 

frequency of AR spontaneous and mic subfertile 

from the values premature AR men [65] 

obtained follow- 

ing stimulant 

challenge 
Washed sperm Percentage of >10% of eggs 34.1% of 
incubated under eggs penetrated penetrated patients with 
conditions by at least one unexplained 
that stimulates spermatozoon infertility 
capacitation and the number showed less than 
and acrosome of spermatozoa 10% oocyte 
reaction per penetrated penetration 


egg 


compared to 


etrate zona-free 
hamster oocytes 


+ 
Positive control sperm a 
zona-binding zona-binding 


Fig. 11.2 Illustration depicting the hemizona assay. A single zona is 
bisected and each half is incubated with control and patient sperm sus- 
pensions. The number of spermatozoa from each population is counted 
and the number of test sperm is expressed as a ratio of that of the control 


none in a control 
group of fertile 
men [66] 


Assessment of Sperm Capacitation 
by Hyperaticvation Motility 


Assessment of HA motility in vitro involves the use of com- 
puterized motion analysis in conjunction with a kinematics 
module to distinguish different subpopulations of motile 
spermatozoa. Populations of motile sperm are first incubated 
under capacitating conditions. This step can be carried out 
by the swim-up method. Briefly, liquefied semen is diluted 
with an equal volume of culture media (e.g., modified Big- 
gers—Whitten Whittingham [BWW]. After centrifugation at 
300g for 10 min, the supernatant is removed and the pellet 
resuspended in 2-3 mL of BWW. A second centrifugation is 
followed by resuspension to a final volume of approximately 
600 uL of BWW supplemented with 0.3% bovine serum 
albumin (BSA) factor V. This resuspension, which contains 
a large number of spermatozoa, is divided in aliquots of 
200 uL that are underlayered beneath 800 uL of protein-sup- 
plemented BWW. The tubes are loosely capped and placed 
in a 37°C incubator under 5% carbon dioxide in the air, at 
a 45° angle for 1 h. Motile sperm migrates from the sperm 
suspension to the upper portion of the culture medium. After 
this period, the supernatant containing the subpopulation of 
active motile sperm is removed [69]. Then, these spermato- 
zoa are incubated under capacitating conditions in a BWW 
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Fig. 11.3 The illustration depicts sperm motion characteristics as assessed by computer-assisted analyzers. VCL = curvilinear velocity, ALH = 
amplitude of lateral head displacement, and LIN = linearity (see text for definitions) 


medium supplemented with 3% BSA, under 5% carbon di- 
oxide in the air, for a minimum of 3 h [51]. To assess the 
HA status of such sperm, aliquots are analyzed on a comput- 
er-assisted semen analyzer (CASA) to assess their motion 
characteristics. This system reconstructs sperm trajectories 
in successive video frames, and movement parameters are 
derived. Then, the analyzer segregates the subpopulation of 
spermatozoa that meets operator-defined kinematics crite- 
ria. Hyperactivated spermatozoa can be distinguished from 
nonhyperactivated ones by their greater curvilinear velocity 
(VCL; um/s) and amplitude of the lateral head displacement 
(ALH; um), and lower linearity (LIN; %). Curvilinear veloc- 
ity is the total distance between two points in a given sperm 
trajectory during the acquisition period, divided by the lime 
elapsed. The amplitude of lateral head displacement mea- 
sures sperm head oscillation whereas linearity (calculated 
as straight line velocity [VSL] /VCLx100 with 100% rep- 
resenting an absolute straight track; VSL being the straight- 
line distance between two points divided by the acquisition 
time) measures linear progression [70] (Fig. 11.3). The defi- 
nition of HA, as proposed by Burkman, is commonly used 
and includes all the following criteria: VCL>100 um/s, 
LIN<65%, and ALH=7.5 um) [71]. In a previous report 
using this algorithm and the Hamilton—Thorn sperm ana- 
lyzer, we noted that the proportion of sperm exhibiting HA 
under capacitating conditions was 21.4% in normal men 
[72]. 

The clinical significance of determining sperm HA is 
reflected by its correlation with IVF outcomes and natural 
pregnancy rates [73]. A significant decrease in the percent- 
age of hyperactivated sperm was observed in infertile men 
compared with sperm from fertile donors [63]. Moreover, 
computerized assessment of follicular fluid (FF)-induced 
HA was shown to be significantly lower in patients with UI 
in comparison with normal fertile men [74]. In fact, the ab- 
sence of HA after the addition of FF was observed in 39% 
of patients with UI. It is, therefore, possible that spermatozoa 
from such patients have reduced ability to penetrate through 
the oocyte vestments a result of this abnormal HA response 
to FF. Despite the aforementioned evidence supporting the 
role of HA in UI, some authors argue that the determination 
of HA using “snapshot” of sperm trajectories, as routinely 
performed by computer-aided sperm analysis instruments, is 
limited in their ability to truly assess the multiphasic nature 
of HA [75]. 


Assessment of Sperm Acrosome Using Lectins 


Assessment of the sperm’s ability to undergo AR has been 
used as a test of sperm function for more than two decades 
[76]. Several techniques have been described to visualize the 
sperm acrosome including those using stains (fluorescent 
lectins), monoclonal antibodies, and electron microscopy 
[76]. Fluorescent lectins are often used; such stains bind to 
either the outer membrane or the acrosomal contents thus 
discriminating sperm populations with intact or reacted ac- 
rosomes [32, 48, 76-81]. 

Fluorescein isothiocyanate-conjugated peanut aggluti- 
nin (FITC-PNA) and fluorescein isothiocyanate-conjugated 
Pisum sativum (FITC-PSA) are the most used probes to 
assess the sperm acrosome. FITC-PNA binds specifically 
to the outer acrosomal membrane (beta-fraction of D-galac- 
tose) while FITC-PSA binds to the alpha-methyl mannose 
and labels the acrosome contents [79]. Because acrosomal 
loss can result from sperm death, AR testing is usually per- 
formed in conjunction with a test to monitor sperm viability. 
This strategy allows the distinction of reacted acrosomes in 
nonviable and viable spermatozoa; the latter represents the 
population of sperm with “true” AR. In a report using ejac- 
ulated specimens from normal men, Esteves et al. showed 
that the percentage of sperm exhibiting AR would have been 
overestimated if a simultaneous assessment of viability had 
not been used (Fig. 11.4) [79]. 

Cross et al. described the use of the supravital stain 
Hoechst-33258, a fluorescent DNA-binding dye with limited 
membrane permeability, combined with an immune-fluores- 
cence technique to evaluate the AR in viable spermatozoa 
[78]. Alternatively, the viability of acrosome-reacted sperm 
can be assessed by the hypo-osmotic swelling test (HOST) 
[82]. HOST has potential advantages over protocols involv- 
ing the use of fluorochrome-dye exclusion techniques. It 
precludes the use of an additional fluorescence filter cube to 
simultaneously assess the acrosome and to monitor viability 
thus reducing assay costs. We have previously demonstrated 
the usefulness of the HOST to monitor sperm viability [83]. 
In our study, the results of HOST and vital staining (Hoe- 
scht-33258 and eosin-nigrosin) were highly correlated in 
fresh sperm (r=0.95) but not in frozen-thawed ones (r=0.22) 
[83]. In a subsequent study, we confirmed that HOST can be 
used in conjunction with lectins to simultaneously assess vi- 
ability and acrosome status of fresh sperm (Fig. 11.5) [79]. 
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Fig. 11.4 Frequency of acrosome reaction (AR) in semen specimens of 
fertile donors. AR was determined by FITC-PNA, and sperm viability 
by Hoechst-33258 staining. a Total AR (normal reacted cells plus post- 
mortem degeneration of the acrosomes). b AR in live human spermato- 
zoa (*p<0.01). Box covers the middle 50% of the data values, between 
the lower and upper quartile. The central line is the median and the 
whiskers extend out to 80% of the data. Bars represent values between 
the 5th and 95th percentile. (Reprinted from Esteves SC, Sharma RK, 
Thomas AJ Jr, Agarwal A. Evaluation of acrosomal status and sperm 
viability in fresh and cryopreserved specimens by the use of fluorescent 
peanut agglutinin lectin in conjunction with hypo-osmotic swelling test. 
Int Braz J Urol 2007; 33:364—74. With permission from International 
Brazilian Journal of Urology) 


The use of FITC-PNA and HOST is our preferred ap- 
proach to assess the acrosomal status of fresh sperm, and 
this method can be used in the investigation of men with UI. 
Briefly, specimens are incubated in hyposmotic conditions 
and smears are prepared on glass microscope slides. Sperm 
membranes are then permeabilized in ice-cold methanol and 
the fixed smears are immersed in a 40-ug/mL FITC-PNA 
solution. A microscope equipped with phase contrast and 
fluorescence epi-illumination module is used to examine the 
slides at 1000x magnification. Each spermatozoon is first 
examined for tail swelling using phase contrast with halo- 
gen illumination. Spermatozoa are classified as viable if tail 
swelling is observed after exposure to the hyposmotic solu- 
tion. Then, illumination is changed to the mercury ultraviolet 
epi-illumination source for assessing FITC-PNA staining. 

Alternatively, Hoechst-33258 can be used to monitor vi- 
ability [79, 80]. In this method, sperm specimens are centri- 
fuged and resuspended in 2 g/mL Hoechst-33258 solution. 
The sperm suspension is incubated for 10 min in the dark and 
then spermatozoa are washed to remove excess stain. Smears 
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Fig. 11.5 Frequency of acrosome reaction (AR) in live human sperma- 
tozoa from 11 samples of fertile donors, as determined by FITC-PNA in 
conjunction with HOST (a and ¢), and FITC-PNA in conjunction with 
Hoechst-33258 (b and d), in fresh and post-thaw specimens. AR rates 
were not different in fresh specimens using either FITC-PNA/HOST or 
FITC-PNA/Hoechst-33258 (p=0.07). In frozen-thawed specimens, the 
frequencies of AR in viable spermatozoa assessed by the methods were 
significantly different (p=0.01). Box covers the middle 50% of the 
data values between the lower and upper quartile. The central line is the 
median and the whiskers extend out to 80% of the data. Bars represent 
values between the Sth and 95th percentile. (Reprinted from Esteves 
SC, Sharma RK, Thomas AJ Jr, Agarwal A. Evaluation of acrosomal 
status and sperm viability in fresh and cryopreserved specimens by the 
use of fluorescent peanut agglutinin lectin in conjunction with hypo- 
osmotic swelling test. Int Braz J Urol 2007; 33:364-74. With permis- 
sion from International Brazilian Journal of Urology) 


are prepared on glass microscope slides and then immersed 
in ice-cold methanol to permeabilize the sperm membranes. 
The fixed smears are immersed in a 40-ug/mL FITC-PNA 
solution, incubated at room temperature, and washed gently 
in PBS to remove the excess label. A microscope equipped 
with phase contrast and fluorescence epi-illumination mod- 
ule is used to examine the slides at 1000x magnification. The 
illumination is selected to the mercury ultraviolet epi-illumi- 
nation source for assessing FITC-PNA and Hoechst-33258 
labeling by using appropriate filter cubes. FITC-PNA and 
Hoechst-33258 fluoresces “apple-green” and bright medium 
blue, respectively (Fig. 11.6). Examination of the same sper- 
matozoon for FITC-PNA labeling and for Hoechst-33258 
staining is performed by interchanging the fluorescence fil- 
ter cubes. 

To evaluate the enzymatic release from sperm acro- 
somes, artificial (ionophores) or physiological inducers 
(progesterone, FF, and ZP) are used. After stimulation by 
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Fig. 11.6 Assessment of acrosome reaction (AR). a Illustration of 
spermatozoa labeled by FITC-PNA: spermatozoa with intact acrosomes 
show uniform apple-green fluorescence at the acrosomal region of the 
sperm head (left); staining is limited to the equatorial segment of the 
acrosome in spermatozoa exhibiting AR (right). b Photomicrographs 
of spermatozoa labeled by FITC-PNA: only the equatorial segment of 
the acrosome is stained in spermatozoa exhibiting AR. c Photomicro- 
graphs of spermatozoa stained with Hoechst-33258: live spermatozoa 
show pale-blue fluorescence due to the exclusion of the dye (a) while 
dead spermatozoa show bright blue-white fluorescence (b). (Adapted 
from Esteves SC, Sharma RK, Thomas AJ Jr, Agarwal A. Evaluation of 
acrosomal status and sperm viability in fresh and cryopreserved speci- 
mens by the use of fluorescent peanut agglutinin lectin in conjunction 
with hypo-osmotic swelling test. Int Braz J Urol 2007; 33:364—74. With 
permission from International Brazilian Journal of Urology) 


the aforementioned stimulants, the proportion of reacted 
spermatozoa is assessed. Our preference is to use calcium 
ionophore A23187, which exchanges Ca?* for 2H*. The 
ionophore-induced AR, also termed “AR to ionophore chal- 
lenge (ARIC)” has been validated as a sperm function test 
with high predictive value for the outcomes of assisted re- 
production techniques [17, 39, 77, 84-86]. Briefly, motile 
spermatozoa are first capacitated by incubation in sperm 
culture medium at 37°C for 3 h. Then, capacitated sperms 
are divided into two equal aliquots: one is incubated with 
2.5 umol/L calcium ionophore A23187 solution, and the 
other is treated with dimethylsulfoxide (10%, v/v) as a 
control [49, 80, 81]. Acrosome status can be determined by 
FITC-PNA or FITC-PSA in combination with the nuclear 
stain bis-benzimide or HOST to monitor viability. The ARIC 
test score is calculated by subtracting the baseline frequency 
of AR from the values obtained following ionophore chal- 
lenge. ARIC results have shown to be a reliable indicator 
of fertility potential in IUI and conventional IVF treatment 
cycles [86]. The AR threshold values for predicting complete 
fertilization failure and pregnancy in IVF, as determined by 
receiver-operating curves (ROC) analysis, were 21 and 26%, 
respectively [86]. Moreover, no pregnancies were obtained 
by IUI when ARIC results were below 11% [86]. In ICSI, ZP 
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penetration and oolemmal fusion are bypassed and thus the 
role of the AR is unclear. In fact, ARIC results do not seem to 
predict ICSI outcome since injections using sperm from dif- 
ferent acrosome reacted sperm populations had no impact on 
fertilization rates [28, 86]. As an alternative to ionophores, 
AR can be induced by ZP (ZP-induced AR [ZPIAR]. In one 
study, defective ZPIAR was found in 25 % of normozoosper- 
mic subfertile men [65]. 

Patients with AR defects usually have UI and normal 
sperm—ZP binding. However, their sperm fail to penetrate 
the ZP and have zero or low rates of fertilization with con- 
ventional IVF [64]. The diagnostic feature is that very low 
proportions of sperm undergo AR after ionophore or ZP 
challenge. Nevertheless, these patients achieve normal fer- 
tilization and pregnancy rates with ICSI [87]. 

Interestingly, seminal zinc concentrations were shown 
to be significantly higher in a group of normozoospermic 
men with defective ZPIAR. Zinc has a role as a decapaci- 
tation factor by binding to the sperm plasma membrane. 
High seminal zinc concentrations seem to have an adverse 
effect not only on ZPIAR [88] but also in the AR induced 
by calcium ionophore [89]. The mechanism of AR induced 
by ionophores differs from physiological AR induced by the 
ZP [32]. While the physiological AR involves activation of 
several signal transduction pathways, the ionophore-induced 
AR involves mainly a chemical effect on calcium influx that 
partially reflects the physiological AR process [32]. 


Assessment of the Fusogenic Ability of the 
Acrosome-Reacted Sperm with the Oolema 
(Enhanced Sperm Penetration Assay (SPA)) 


The ability of the equatorial region of the acrosome-reacted 
human sperm to fuse with the vitelline membrane of the oo- 
cyte is tested using the SPA, also known as the zona-free 
hamster oocyte penetration test. Although this test does not 
assess sperm—ZP, it measures the spermatozoon’s ability to 
undergo capacitation, AR, fusion and penetration through 
the oolema, and decondensation within the cytoplasm of an 
oocyte [12]. 

Sperm preparation for the test includes two steps: (1) prep- 
aration of a selected motile sperm population free of seminal 
plasma (e.g., by swim-up or discontinuous gradient tech- 
nique) and (ii) incubation and treatment of the selected sperm 
population under conditions that stimulate capacitation and 
AR. The calcium ionophore (A23187) incubation method is 
recommended for this step. The final volume should be calcu- 
lated to obtain a sperm population of about 10 million motile 
cells per milliliter. Hamster oocytes from which the ZP had 
been removed are incubated with sperm specimens. A 20-uL 
oil-covered droplet of the sperm suspension is prepared using 
a Petri dish, and 10-15 zona-free eggs are transferred into 
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Fig. 11.7 Illustration depicting the sperm penetration assay (SPA). 
Human spermatozoa are seen into the hamster oocyte cytoplasm a. The 
arrows point to the swollen sperm heads indicative of sperm deconden- 
sation within the oocyte’s cytoplasm b. 


the droplet. The dish is incubated under 5-6% CO, in the 
air at 37°C for 3 h. Afterwards, the zona-free eggs are exam- 
ined using phase-contrast microscopy. The presence of either 
swollen sperm heads or male pronuclei (slightly larger than 
the female one and that contains small dark nucleoli), or both, 
are used to confirm sperm penetration [21] (Fig. 11.7). 

The assay is scored by calculating either the percentage 
of ova that is penetrated by at least one spermatozoon or the 
average number of sperm penetrations per ovum. Normal 
sperm are able to penetrate 10-30% of hamster ova [90]. 
The assay should be run in parallel with a positive control 
semen specimen exhibiting >50% penetration. Recent re- 
finements of SPA include sperm incubation with more potent 
capacitating media, which allow the majority of ova to be 
penetrated; scores are obtained by calculating the number of 
sperm that penetrate each ovum. Aitken et al. reported that 
approximately one third of men with UI had less than 10% 
ova penetration compared to none in the control group of 
fertile men [66]. The ability of the SPA to predict the suc- 
cess or failure of IVF is debatable. Some investigators have 
shown no correlation with an abnormal test [91], whereas 
others have claimed 100% predictability [92]. Taking an 
average from different studies, a normal SPA seems to have 
70% predictability of fertilization in in vitro conditions [93]. 
Nevertheless, semen samples that fail to fertilize the hamster 
ova are usually unable to fertilize human ova. Although the 
SPA is considered a research tool, it may be of clinical value 
for men with UI with poor fertilization rate in IVF. 


Oxidative Stress 
ROS are byproducts of oxygen metabolism and energy 


production that act as regulators of vital physiological in- 
tracellular processes. In the male reproductive tract, the 
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primary producers of ROS are the leukocytes and immature 
spermatozoa. Small quantities of ROS have important roles 
in sperm function including regulation of capacitation, AR, 
HA, and the fusion of spermatozoa with the oocyte [94]. In 
sperm, ROS are generated by two ways, (1) NADPH oxi- 
dase system at the level of the sperm plasma membrane [95], 
and (2) NADH-dependent oxido-reductase system at the 
mitochondrial level, which is the major source of ROS in 
sperm of infertile men [96, 97]. When ROS levels dispro- 
portionately increase, mainly by the presence of superoxide 
(O>), hydroxyl radicals (OH), or nitric derivatives (NO), 
compared with the neutralizing capacity of intracellular and 
extracellular antioxidants, or when a reduction in the anti- 
oxidant capacity occurs, oxidative stress usually follows and 
target lipids, proteins, sugars, and nucleic acids through a 
variety of mechanisms. 

In sperm, ROS primarily target membranes and DNA. By 
having an available valence electron, oxidative species inter- 
act with the cell membrane and cause lipid peroxidation of 
which the final product is malondialdehyde (MDA), a mea- 
surable compound used to determine the extent of ongoing 
oxidative modification of membrane-polyunsaturated fatty 
acids (PFA). The peroxidation of PFAs has detrimental ef- 
fects on the structure of the sperm head and midpiece mem- 
branes, causing changes in the sperm membrane fluidity that 
ultimately lead to suboptimal sperm motility and fertilization 
[94]. Oxidative species also target DNA molecules and cause 
a variety of defects in the cell genetic material. ROS can 
inflict serious damage to DNA, including point mutations, 
polymorphisms, deletions, chromosomal rearrangements, 
frame shifts, and single-stranded or double-stranded breaks 
[98]. The OS-induced sperm damage has been suggested to 
be a significant contributing factor in 30-80 % of all cases of 
male infertility [99]. Likewise immunologic infertility and 
fertilization defects, oxidative stress cannot be detected in 
the routine semen analysis. 


Laboratory Tests to Measure ROS 


The methods used for ROS detection are broadly divided 
into two major categories based on their ability to directly or 
indirectly measure oxidative radicals (Table 11.4). Indirect 
measurements involve the assessment of lipid peroxidation 
products (MDA), protein oxidation products (such as protein 
carbonyl) and oxidized DNA (8-hydroxy-2'-deoxyguanosine 
[8-OHdG]) [105] whereas direct oxidative-stress measure- 
ments include total or specific ROS level in semen and total 
antioxidant capacity (TAC). 
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Table 11.4 Tests for measuring reactive oxygen species in UMI 


Assay 


Thiobarbituric acid 
reactive substances 
(TBARS) 


Chemiluminescence 


Enhanced 
chemiluminescence 


Nitroblue tetrazolium 
(NBT) reduction test 


Principle 


Malondialdehyde 
(MDA), a byproduct 
of lipid peroxida- 
tion, condense with 
two equivalents 
thiobarbituric acid 
to give a fluorescent 
red derivative that 
can be assayed spec- 
trophotometrically 


Intra- and extracel- 
lular ROS levels 
(mainly H,O,, O,°°, 
and OH ) react with 
probes and emit 
photons that can be 
measured using a 
luminometer. The 
final chemilumines- 
cent signal is the 
integrated sum of 
the partial signals 
generated by every 
spermatozoon 
Seminal total 
antioxidant capacity 
(TAC) is a measure 
of the seminal 
plasma’s ability to 
scavenge ROS and 
counteract oxidative 
stress 

NBT is a yellow 
water-soluble 
nitrosubstituted 
aromatic tetrazo- 
lium compound that 
reacts with cellular 
superoxide ions to 
form a colored inter- 
mediate and visible 
formazan derivative. 
Depending on the 
concentration of 
superoxide anion 
and the cellular 
content of various 
oxidoreductases, a 
precipitate with a 
color that vary from 
a light pink to dark 
purple or almost 
black is seen 


Specimen 


Semen and 
seminal 
plasma 


Semen 
or sperm 
fractions 


Seminal 
plasma 


Semen and 
seminal 
plasma 


How results are 
expressed 


Absorbance 

at 532 nm is 
recorded and 
expressed as nmoL 
MDA/10 x 107 
cells, nmoL MDA 
mL! seminal 
plasma, or nmoL 
MDA/total seminal 
plasma 


x10° counted 
photons per 
minute (cpm) per 
20 x 10° cells/mL 


Total antioxidant 
capacity (TAC) 

of the seminal 
plasma is expressed 
in molar Trolox 
equivalents 


Color intensity of 
precipitates is com- 
pared to a reference 
card indicating 
different levels of 
free superoxide 


Normal limits 


Mean+SD of MDA 
concentrations in the sperm 
and seminal plasma of fer- 
tile men were reported to be 
0.0287+0.0162 nM/108 
spermatozoa [100] and aver- 
aged as 0.65+0.17 nmol/ 
mL“, respectively [101] 


<0.0185 x 10° cpm/20 x 10° 
sperm [102] 


> 1420 micromoles of 
Trolox for seminal plasma 
TAC [104] 


Light pink or white precipi- 
tate compared to reference 
card 
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Clinical relevance 


ROS degrade poly- 
unsaturated lipids 
of sperm membrane 
forming MDA, 
which is a reactive 
aldehyde toxic to 
sperm 

MDA reacts with 
deoxyadenosine 
and deoxyguano- 
sine DNA, forming 
DNA adducts, and is 
therefore potentially 
mutagenic 

Men with unex- 
plained infertility 
generally present 
with significantly 
higher seminal ROS 
levels than healthy 
controls [103] 


Men with unex- 
plained infertility 
generally present 
with significantly 
lower antioxidant 
properties than 
healthy controls 
[104] 

Superoxide anion 
is the primary form 
of ROS generated 
by the addition of 
an electron to the 
oxygen molecule. 
Superoxide anions 
can be converted 
into hydrogen per- 
oxide, peroxyl radi- 
cal, and hydroxyl 
radical 
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Indirect Measure of ROS by Thiobarbituric Acid 
Reactive Substances (TBARS) Assay 


MDA is a byproduct of lipid peroxidation that can be easily 
measured by the TBARS assay. Briefly, semen samples are 
centrifuged for 7 min at 2000g, and then 100 ul of the super- 
natant seminal plasma is added to 900 ul of distilled water 
into a glass tube. To each tube, 500 ul of thiobarbituric acid 
reagent (0.67g of 2-thiobarbituric acid dissolved in 100 ml 
of distilled water with 0.5g NaOH and 100 ml glacial acetic 
acid) is added and then heated for 1 h in a boiling water bath. 
After cooling, each tube is centrifuged for 10 min at 4000g 
and the supernatant absorbance is read on a spectrophotom- 
eter at 534 nm [106]. 


Direct Measure of ROS Using Chemiluminescence 


ROS levels can be measured by the chemiluminescence 
method using luminol (5-amino-2,3-dihydro-1,4-phthalazin- 
edione) or lucigenin (N, N’-dimethyl-9,9’-biacridinium dini- 
trate) as the probe. Luminol measures global ROS whereas 
lucigenin measures specifically the production of superoxide 
anions. Both H,O, and O,” are involved in luminol-depen- 
dent chemiluminescence because both catalase and SOD can 
disrupt the luminol signal very efficiently. Oxidation of lu- 
minol (one-electron) leads to the creation of a radical species 
which interacts with ground state oxygen to produce O,”, 
which participates in the oxygenation of luminol radical spe- 
cies to create an unstable endoperoxide, which breaks down 
and leads to light emission. 

Luminol is extremely sensitive and reacts with a variety 
of ROS at neutral pH. It has the ability to measure both extra- 
cellular as well as the intracellular ROS. Free radicals have 
a very short half-life and are continuously produced. The 
free-radical combines with luminol to produce a light signal 
that is then converted to electrical signal (photon) by the in- 
strument called luminometer (Model: LKB Autoplus 953). 
Lucigenin works through a one-electron reduction unlike lu- 
minol, which requires one-electron oxidation, that creates a 
radical from lucigenin; this radical gives up its electron to the 
ground state oxygen to create O,”, thus returning the lucigen- 
in to its parent state. The number of free radicals produced is 
measured as relative light units/sec/10*° sperm [107]. 

A 100 mM stock solution of luminol is prepared by dis- 
solving 177.09 mg of luminol to 10 mL of DMSO solution 
in a polystyrene tube. The tube is covered in aluminum foil 
due to the light sensitivity of luminol. A 5 mM working so- 
lution is prepared by mixing 20 uL luminol stock solution 
with 380 uL DMSO in a foil covered polystyrene tube. It is 
prepared fresh prior to use and is stored at room temperature 
in the dark until needed. It is stable for 24 h if not exposed to 
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the light. After complete liquefaction, manual semen analy- 
sis is performed for assessment of sperm concentration and 
motility. The instrument is set up for ROS measurement. 
ROS can be performed in a variety of samples: neat lique- 
fied whole seminal ejaculate, processed sample either by a 
simple wash and resuspend procedure or by swim-up and 
density gradient. 

The luminometer is attached to the computer and 11 poly- 
estirene tubes (12 x 75 mm) are prepared and labeled as blank 
(triplicate), negative control (triplicate), test sample (dupli- 
cate), and positive control (triplicate) as shown (Figs. 11.2 
and 11.3). Four-hundred microliters of PBS or test samples 
are added. Positive control tubes contain 50 uL of hydrogen 
peroxide (30%). To start the reaction, 10 uL of the lumi- 
nol working solution is added to all tubes except blank. The 
reaction is started for 15 min using the Berthold tube master 
program. From the “setup menu” each parameter is defined 
as: read time (1 s), background read time (0 s), total time 
(900 s), cycle time (30 s), delay injector “M” read (0 s), in- 
jector M (0 s), temperature (37°C), and temperature control 
(O = Off and 1 ON). A unique assay name is given and the 
work load file is saved. The assay is started and the tubes 
are scanned and saved as an excel sheet. Both the average 
RLU for the negative control, sample and positive control 
are calculated. The average negative control is subtracted 
from the test sample. ROS level is calculated by dividing the 
test sample result by the sperm concentration (Fig. 11.8a). 
ROS levels<20 RLU/s/x10° sperm are considered normal 
(Fig. 11.8b). ROS has high sensitivity and therefore can be 
a useful diagnostic tool in screening infertile men for oxida- 
tive stress. 


Total Nonenzymatic Antioxidant Capacity (TAC) 


The antioxidant system of living organisms includes en- 
zymes such as superoxide dismutase, catalase, and gluta- 
thione peroxidase; macromolecules such as albumin, ce- 
ruloplasmin, and ferritin; and an array of small molecules, 
including ascorbic acid, a-tocopherol, B-carotene, reduced 
glutathione, uric acid, and bilirubin. The sum of endoge- 
nous and food-derived antioxidants represents the total an- 
tioxidant activity of the extracellular fluid. Thus, the over- 
all antioxidant capacity may give more relevant biological 
information compared to that obtained by the measurement 
of individual components, as it considers the cumulative ef- 
fect of all antioxidants present in plasma and body fluids. 
The TAC in the seminal plasma can be measured by the 
colorimetric assay using an antioxidant assay kit (Cat # 
709001; Cayman Chemical, Ann Arbor, Michigan) using a 
96 well plate and a plate reader (BioTek Instruments, Inc., 
Winooski, Vermont). Seminal plasma samples are batched 
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[Serie] Serpe t0_[ Sats [ RU Mon | Read Delo | Rend Tire 
[sf 


7 
Example 
Patient average (P_) = 12161 RLU / sec Sperm count = 12.6 x 10* /mL 


Negative Control average (NC_) = 8850.3 RLU / sec 
Corrected value = P, - NC, 


12161 - 8850.3 RLU / sec = 3310.7 RLU / sec 


Corrected ROS = 3310.7 = 262.7 RLU / sec /x 10° sperms 
12.6 


Result = ROS positive 


@ 

Ss 

= 

= 
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42.3 1023 192.3 2523 312.3 372.3 4323 4923 5523 6123 6723 7323 7923 8523 9123 
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a Time (sec) 


Fig. 11.8 a A typical ROS curve showing high ROS levels (tubes 
9-11) and low ROS levels (tubes 7 and 8). b A representative printout 
generated after the ROS measurement is complete. The chart shows the 
11 tubes (SI—S11), each representative of the type of sample and the 


and frozen till the time of assay [104]. The assay relies on 
the ability of antioxidants in the sample to inhibit the oxida- 
tion of ABTS (2,2'-azino-di-[3-ethylbenzthiazoline sulpho- 
nate]) to ABTS:+ by metmyoglobin. Under the reaction con- 
ditions used, the antioxidants in the seminal plasma cause 
suppression of the absorbance at 750 nm to a degree which 
is proportional to their concentration. The capacity of the 
antioxidants present in the sample to prevent ABTS oxida- 
tion is compared with that of standard Trolox, a water-soluble 
tocopherol analogue. Results are reported as micromoles 
of Trolox equivalent. This assay measures the combined 
antioxidant activities of all its constituents including vita- 
mins, proteins, lipids, glutathione, uric acid, etc. 

All the reagents are prepared as per the manufacturer’s 
instructions. The kit contains antioxidant buffer (Vial # 
1), Metmyoglobin (Vial # 2), standard Trolox (6-hydroxy- 
2,5,7,8-tetramethylchroman-2-carboxylic acid) (Vial # 3), 
hydrogen peroxide (Via; # 4), and Chromogen (Vial # 5). 
Frozen seminal plasma is brought to room temperature and 
diluted 1:10 with assay buffer. Standard Trolox is prepared 
to give seven different concentrations (A-G) ranging from 
0 to 0.33 mM trolox). For the assay, a multichannel pipette 
is used. To each well, 10 uL of trolox standard (tubes A-G) 
or sample in duplicate +10 uL of metmyoglobin +150 uL 
of chromogen per well. The reaction by adding 40 uL of hy- 
drogen peroxide (441 uM working solution) using a multi- 
channel pipette. The reaction is started for 5 min. The plate 
is covered and placed on the plate shaker. After 5 min the 
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mean RLU value for each tube. At the bottom is also an example illus- 
trating how to calculate the final amount of ROS generated in a given 
test (patient) sample 


plate is removed and the absorbance is read at 750 nm using 
a plate reader. The worksheet for calculating the results is 
available at www.caymanchem.com. 

The normal values are >2000 uM Trolox. In an earlier 
study, it was demonstrated that combining ROS and TAC 
results to provide a composite ROS—TAC score was of clini- 
cal relevance in a variety of clinical diagnoses. Infertile men 
with male factor or idiopathic infertility diagnosis were re- 
ported to have poor ROS-TAC scores compared to healthy 
fertile men who are able to initiate a pregnancy [108]. 


Qualitative Measurement of Superoxide Anion 
by NBT Reduction Test 


Recently, a ready-to-use colorimetric commercial kit has 
been made available to detect superoxide anion in sperm 
based on the NBT reduction test (Oxisperm®, Halotech 
DNA, Madrid, Spain). Superoxide anion, the primary form 
of ROS, is formed by the addition of an electron to the oxy- 
gen molecule. Superoxide anions can be converted into hy- 
drogen peroxide, peroxyl radical, and hydroxyl radical, all 
of which are secondary ROS [109]. NBT is a yellow wa- 
ter-soluble nitrosubstituted aromatic tetrazolium compound 
that reacts with cellular superoxide ions to form a colored 
intermediate and visible formazan derivative [96]. The cyto- 
plasmic NADPH, which is produced by oxidation of glucose 
through the hexose monophosphate shunt, helps to transfer 
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Fig. 11.9 Colorimetric representation of different levels of oxidative 
stress in the human semen based on the nitroblue tetrazolium reduction 
test (Oxisperm®, Halotech DNA, Madrid, Spain). The color intensity is 
related to the levels of superoxide anion in the sample (no color change 
is indicative of negligible levels; pink and blue are indicative of low 
and moderate levels, respectively, whereas dark blue represents high 
levels of superoxide anion (a). Affected sperm can be visualized using 
bright-field microscopy because farmazan precipitates (arrows) on the 
membrane (b). (Courtesy of Altea Gosalbez, Madrid, Spain) 


electrons to NBT and reduces NBT into formazan. The NBT 
reaction represents the ROS-generating activity in the cyto- 
plasm of cells and therefore can help to determine the cellu- 
lar origin of ROS in a heterogeneous suspension such as the 
semen. Depending on the concentration of superoxide anion 
and the cellular content of various oxidoreductases, a pre- 
cipitate with a color that varies from light pink to dark purple 
or almost black will form [110]. To perform this assay, a tube 
containing a reagent gel is placed in a water bath at 90°C 
for approximately 5 min to allow the gel to liquefy. After 
gel stabilization at 37°C, liquefied semen is added (1:1, v/v) 
and the mixture is incubated for 45 min at 37°C. The color 
of the tested sample is compared with the reference card to 
determine the level of oxidative stress. Despite not providing 
a quantitative measure of ROS, the test estimates the level 
of oxidative stress in the sample based on the intensity of 
the color (from L1 low to L4 high, Fig. 11.9a) without the 
need of an expensive equipment such as the luminometer. 
The method also offers the possibility of analyzing the pro- 
portion of affected spermatozoa and the intensity of the reac- 
tion on the sperm membrane under bright field microscopy 
(Fig. 11.9b). 


105 


Sperm DNA Integrity Defects 


Sperm DNA integrity is characterized by the absence of both 
single and double DNA strand breaks and nucleotide modi- 
fications or base loss thus giving rise to a linear disposition 
of the nucleotides along each single chromosome. Loss of 
DNA integrity is termed DNA damage and it may occur at 
any level during spermatogenesis, spermiogenesis, and epi- 
didymal transit [111]. Sperm DNA damage is a broad term 
that accounts for many defects in the DNA structure includ- 
ing (i) single or double DNA strand breaks, (ii) base deletion 
or modification, (iii) interstrand or intrastrand cross-linkage, 
and (iv) DNA-protein cross linkage [112]. Sperm DNA frag- 
mentation refers to the breaks occurring at the DNA strands, 
and they are termed single (ss) or double strand breaks (ds) 
depending on the partial (one free 5'-3' end) or whole (two 
free 5'-3' ends) liberation of each DNA strand, respective- 
ly. Postmeiotically initiated abortive apoptosis, unresolved 
strand breaks during spermiogenesis, and oxidative stress 
have all been implicated as potential sources of this damage 
[113]. Sperm with damaged DNA are released in the semen, 
and despite the likely result of infertility, these defective 
cells may still retain the ability to fertilize. Several studies re- 
ported on the increased proportions of sperm with damaged 
DNA both in men with unexplained and idiopathic infertility 
compared to fertile controls [114, 115]. In fact, sperm DNA 
damage has been associated with several infertility pheno- 
types including UI, idiopathic infertility, repeated IUI and 
IVF failure, and recurrent miscarriage [116—119]. Also, the 
birth of offspring generated from such defective sperm is 
associated with an increased risk of imprinting defects and 
cancer [120, 121]. 

DNA damage may be the result of both intrinsic and ex- 
trinsic disturbances usually associated with oxidative stress. 
As such, several researchers consider that sperm DNA dam- 
age is a marker of elevated oxidative stress [121—124]. 


Laboratory Tests to Assess Sperm DNA 
Integrity 


From the laboratory standpoint, different assays have been 
developed to assess sperm DNA damage. These assays are 
based on different principles and therefore differ in their 
ability to detect DNA damage [125]. In general, these meth- 
ods can be grouped into (1) assays that measure DNA dam- 
age directly, by incorporating probes at the site of damage 
(Table 11.5); (ii) assays that measure the susceptibility of 
DNA to denaturation, that is, their principle is to first pro- 
mote DNA denaturation and then measure DNA damage 
by detecting the formation of single-strand DNA from na- 
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Table 11.5 Methods for assessing sperm DNA damage based on direct incorporation of DNA probes at the site of damage 


Name and acronym 


In situ nick transla- 
tion (ISNT) assay 


Terminal deoxy 
nucleotidyl transfer- 
ase mediated dUTP 
nick end labeling 
(TUNEL) assay 


Characteristics 


The template-depen- 
dent enzyme, DNA 
polymerase I incor- 
porates fluorescent 
biotinylated dUTP at 
free 3'-OH single- or 
double-strand DNA 
breaks 


The template-inde- 
pendent enzyme, 
terminal deoxynu- 
cleotidy] transfer- 
ase, incorporates 
fluorescent UTP at 
single and double 
3'-OH free ends 


Principle 


Sperm with the 
incorporation of 
labeled nucleotides 
can be detected 

on examination 
under fluorescence 
microscopy; fluo- 
rescence increases 
proportionally with 
the number of DNA 
strand breaks 


Sperm with the 
incorporation of 
labeled nucleotides 
to DNA 3'-OH 
ends fluoresce and 
can be identified 
using fluorescence 
microscopy; fluo- 
rescence increases 


Test results 


By using fluores- 
cence microscopy 
analysis, the mea- 
sured parameter is 
the number of fluo- 
rescent sperm which 
represent those with 
dUTP incorporated 
to DNA breaks 


By using fluores- 
cence microscopy 
analysis, the mea- 
sured parameter is 
the number of fluo- 
rescent sperm which 
represent those with 
dUTP incorporated 
to DNA breaks 


Advantages 


Simple and low 
cost; level of DNA 
labeling is typically 
higher than TUNEL, 
which is advanta- 
geous to assess 
highly degraded 
sperm that exhibit 
low amounts of 
DNA after DNA 
denaturation and 
protein depletion; 
easy control of poly- 
merase action 
Relatively simple; 
detect both ss and 
ds DNA breaks but 
cannot discrimi- 
nate them; high 
specificity 


Disadvantages 


Requires fluores- 
cence microscopy; 
relatively low 
sensitivity 


Requires fluores- 
cence microscopy; 
labor intensive; 
relatively low 
sensitivity. 
Measurement by 
flow cytometry is 
more robust, rapid, 
and accurate 


proportionally 
with the number 

of DNA strand 
breaks; TUNEL 
can be applied with 
both fluorescence 
microscopy and 
flow cytometry 


tive double-strand DNA [111] (Table 11.6); and (iii) assays 
that indirectly measure the level of chromatin compaction 
(Table 11.7). 

In our laboratories, TUNEL and SCD assays have been 
implemented as the methods to assess sperm DNA damage, 
as described below. 


Terminal Deoxy Nucleotidyl Transferase 
Mediated dUTP Nickend Labeling (TUNEL) Assay 


This single-step staining method label DNA breaks with 
FITC-dUTP (APO-DIRECT™ kit; BD Pharmigen, San 
Diego, CA, Catalog # 556381). TUNEL utilizes a tem- 
plate-independent DNA polymerase called terminal de- 
oxynucleotidyl transferase (TdT) which nonpreferentially 
adds deoxyribonucleotides to 3’ hydroxyl (OH) single- and 
double-stranded DNA. Deoxyuridine triphosphate (dUTP) 
is the substrate that is added by the TdT enzyme to the free 
3'-OH break-ends of DNA (Fig. 11.10). The more DNA 
strand break sites present, the more label is incorporated 
within a cell. After FITC-dUTP incorporation, these sites 
are identified using either flow cytometry or fluorescence 
microscopy. 

For this assay, a sperm aliquot containing 1-2 million 
spermatozoa is washed in phosphate-buffered saline (PBS) 


and resuspended in ice-cold 3.7 % paraformaldehyde for 2 h. 
Specimens can be either stored overnight at 4°C or processed 
immediately. The paraformaldehyde is removed by centri- 
fuging at 300g for 7 min and resuspended in 70% ice-cold 
ethanol. After this step, sperm can be stored at —20°C until 
the time of analysis. 2 mL negative (Cat# 6553LZ; white 
cap) and positive control cells suspensions (Cat# 6552LZ; 
brown cap) provided in the kit are included in each run; the 
suspensions are centrifuged as described above. A positive 
control specimen (treated with DNase I) or any previously 
run negative- and positive-sperm sample with known DNA 
damage is included. To all the tubes 1 mL of wash buffer 
(6548AZ) (blue cap) is added and vortexed. The mixtures 
are centrifuged as before and the supernatants are discarded. 
An additional washing step with the buffer is carried out, 
and the supernatants are discarded. Based on the number of 
tubes to be run, the staining solution is prepared by mixing 
the reagents provided in the assay kit. For a single assay, 
10 uL of reaction buffer (green cap); 0.75 uL of TdT En- 
zyme (yellow cap), 8.00 uL of FITC-dUTP (orange cap), and 
32.25 uL of distilled H,O are mixed to give a total volume of 
51.00 uL of the stain solution. The pellets (control and test 
specimens) are resuspended in 50 uL of the staining solution 
and then incubated for 60 min at 37°C. The tubes are cov- 
ered with aluminum foil. At the end of the incubation time, 
1.0 mL of rinse buffer (Cat# 6550AZ) (red cap) is added to 
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Table 11.6 Methods for assessing sperm DNA damage based on the susceptibility of DNA to denaturation with formation of single-strand (ss) 
DNA from native double-strand (ds) or single-strand (ss) DNA* 


Name and acronym 


Acridine orange 
(AO) test 


Sperm chromatin 
structure assay 
(SCSA) 


Comet assay 


Characteristics 


AO is a fluores- 
cent cationic and 
metachromatic dye 
with specificity to 
nucleic acids. When 
AO intercalates into 
double stranded 
DNA it fluoresces 
green (525 nm), and 
when it interacts 
with RNA or single 
DNA stretches 

(by electrostatic 
attraction) it fluo- 
resces red/orange 
(> 630 nm) 


Identical to AO 
assay 


Under electropho- 
resis, small DNA 
fragments migrate 
farther than the large 
fragments. Migra- 
tion of these small 
broken pieces of 
DNA away from the 
DNA core of the cell 
creates a charac- 
teristic figure of a 
“comet” tail. The 
performance of the 
test varies accord- 
ing to different pH 
conditions 


Principle 


DNA of sperm with 
a damaged chroma- 
tin structure is more 
prone to denatur- 
ation than intact 
counterparts. After a 
mild acid treatment, 
sperm is exposed to 
AO which binds to 
ds DNA (nonde- 
natured) and to ss 
DNA (denatured). 
The metachromatic 
shift in fluorescence 
is used to differ- 
entiate sperm with 
intact (green) and 
damaged (red) chro- 
matin structure 


Variation of AO 
test using flow 
cytometry 


Spermatozoa are 
sandwiched between 
agarose layers and 
then lysed and 
electrophoresed 
During the lysis 
step, the sulfhy- 
dryl groups in 
protamines are 
reduced which eases 
the movement of 
fragmented DNA 
on electrophoresis; 
fluorochromes such 
as propium iodide, 
SYBR-green and 
YOYO-1 iodide can 
be used for staining 


How results are 
expressed 


By using a fluores- 
cence microscopy- 
based analysis, the 
measured param- 
eter is the number 
of cells with red 
fluorescence which 
reflects the propor- 
tion of sperm with 
damaged DNA in 
the sample 


By using flow 
cytometry-based 
analysis and a 
dedicated software, 
measurement of 
fluorescence at both 
the wavelengths 
after denaturation 

is used to assess 

the percentage of 
fragmented DNA 
(DNA fragmentation 
index: DFT) in the 
sample 


By using an elec- 
trophoresis-basis 
analysis, the per- 
centage of the DNA 
in the tail of the 
comet, as well as the 
tail length and the 
intensity of staining, 
is measured using 
specific image 
analysis software 


Advantages 


Simple and 
inexpensive 


High statistical 
robustness and inter- 
and intralaboratory 
reproducibility; 
SCSA has been 
applied extensively 
in clinical studies of 
human fertility 


Evaluates DNA 
strand breaks in a 
single cell; allows 
quantification of 
different degrees 

of fragmentation 

by comparing 
individual sperm; 
requires few sperm 
for analysis; can dif- 
ferentiate the nature 
of DNA break; 
specific for DNA 
breaks 


Disadvantages 


Requires fluores- 
cence microscopy; 
heterogeneous stain- 
ing of slides and fast 
fluorescence fading 
are usual 

A series of inter- 
mediate colors 
(between red and 
green), related to 
differential sperm 
susceptibility to 
sperm denatur- 
ation, decreases 
interobserver 
reproducibility 
Overestimate 
“true” sperm DNA 
fragmentation; low 
specificity for DNA 
breaks compared to 
Comet and TUNEL 


Requires flow 
cytometry and 
dedicated software; 
expensive; overes- 
timate “true” sperm 
DNA fragmentation; 
lower specificity 
than alkaline comet 
assay, ISNT and 
TUNEL since it 
detects not only 
DNA fragmentation 
but also protamine 
content, disulphide 
cross linkage, 
immature sperm, 
and traces of RNA 
Labor intensive; 
high inter-observer 
subjectivity; dedi- 
cated software is 
expensive; neutral 
comet assay evalu- 
ates ds breaks only 
and underestimates 
the true frequency 
of DNA breaks; 
alkaline comet assay 
evaluates both ds 
and ss breaks and 
may overestimate 
true DNA damage 
due to artificial 
damage induced at 
alkali-labile sites 
within the DNA 
strand 
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Table 11.6 (continued) 


Name and acronym 


Sperm chromatin 
dispersion (SCD) test 


Characteristics 


Agarose embedded 
sperm is subjected 
to DNA denatur- 
ation to remove 
protamines. As a 
result, disulfide 
bonds break in the 
intact and tightly 
packed chromatin 
generating ss DNA 
from the nicks. Sub- 
sequently, cell lysis 
allows the loops of 
ss DNA relax, form- 
ing halos around 
the residual nuclear 
core structure. The 


Principle 


Spermatozoa 
embedded in aga- 
rose are submitted to 
acid treatment and 
lysis. After DNA 
staining, a halo can 
be seen in nondam- 
aged cells while 

the cells with more 
extensive DNA 
breaks show small 
or no halo because 
the “broken” DNA 
loops do not diffuse; 
simple dyes or fluo- 
rochromes can be 
used for staining 


How results are 
expressed 

By using bright-field 
or fluorescence- 
based microscopy, 
the percentage of 
fragmented DNA 
(DNA fragmentation 
index: DFI) in the 
sample is assessed 


Advantages 


Very simple, low 
cost and does not 
require expensive 
equipment; halos 
can be observed by 
bright field micro- 
scope; requires 

a low number of 
sperm for analysis 


S. C. Esteves et al. 


Disadvantages 


Interobserver 
subjectivity to 
categorize the 
borderline halos; 
sperm with similar 
degrees of fragmen- 
tation and different 
nuclear sizes may 
show variations in 
halos’ size; it is not 
a direct measure of 
DNA breaks but a 
representation of the 
overall chromatin 
structure 


characteristic pat- 
terns of the loops 
are assessed after 
staining 


*The signals emitted from these probes are used to quantify the DNA fragmentation in the spermatozoa 


each tube and centrifuged at 300g for 7 min. The superna- 
tants are discarded and rinsing is repeated with 1.0 mL of 
the rinse buffer. Centrifugation is repeated and the super- 
natants are discarded. The cell pellets are resuspended in 
0.5 mL of the PI/RNase staining buffer (Cat# 6551AZ) and 
incubated in the dark for 30 min at room temperature. The 
tubes are then numbered and are ready for flow cytometry. 
For flow cytometry evaluation, a minimum of 10,000 events 
is examined for each measurement. The flow rate is set at 
~200 events/s. The excitation wavelength is set at 488 nm 
supplied by an argon laser at 15 mW. Green fluorescence 
(522-537 nm) is measured in the FL-1 channel and red (PI) 
fluorescence (575—589 nm) is measured in the FL-2 channel 
[126]. Raw data from the flow cytometer is imported into the 
FlowJo software (Mac version 8.2.4, FlowJo, LLC, Ashland, 
OR). After “gating” the samples, the percentage of TUNEL- 
positive cells is calculated and DNA damage is reported as 
the percentage of cells exhibiting DNA damage (Figs. 11.4 
and 11.11). 

The TUNEL protocol for fluorescence microscopy is 
basically the same [127]. The sperm suspension is counter- 
stained with 4,6 diamidoino-2-phenylindole (DAPI, 2 ug/ 
mL in vecta shield (Vector, Burlingame, CA) or propidium 
iodide (5 uL). A minimum of 400 spermatozoa per sample 
is scored under 40x objective of the epifluorescence micro- 
scope. For the green signal (FITC), an excitation wavelength 
in the range of 450-500 nm (e.g., 488 nm) and detection in 
the range of 525-565 nm is adequate (green). In each field, 
the number of spermatozoa stained with DAPI (blue) or PI 
(red) is counted first, and then the number of cells emit- 
ting green fluorescence (TUNEL positive) is assessed; the 


numbers are expressed as percentage of TUNEL-positive 
spermatozoa. Sperm showing green fluorescence represent 
damaged cells (TUNEL-positive), in which dUTP was in- 
corporated to DNA breaks, in contrast to nonstained cells 
representing nondamaged sperm (Fig. 11.12). A minimum of 
400 sperm is assessed per specimen. 


SCD Test 


For the SCD test, we use the Halosperm kit (Halotech DNA, 
Madrid, Spain) according to the manufacturer’s recommend- 
ed method [128]. In brief, a tube containing agarose is first 
heated at 100°C for 5 min to allow the agarose to melt. After 
stabilization at 37°C, 25-uL semen aliquots are added to the 
tube, and a 15-uL aliquot of the mixture is placed onto a 
pretreated microscope slide. A coverslip is placed and the 
slide is kept in the fridge for 5 min in order for the agarose to 
solidify. Meanwhile, 80 uL of a denaturing solution is added 
to 10 mL of distilled water to produce a fresh working solu- 
tion. The slide is then taken from the fridge and the coverslip 
is removed. Thereafter, the slide is immersed in the dena- 
turation solution and incubated for 7 min. The slide is then 
transferred to the lysis solution and incubated for 25 min. 
Finally, the slide is washed by incubation in a Coplin jar 
containing distilled water for 5 min, followed by incubation 
in ethanol solutions of 70, 90, and 100% each for 2 min. 
After air dry at room temperature, slides are stained with 
Diff-Quick or Wright’s stain, and an analysis is carried out 
using bright-field microscopy. Sperm with intact DNA ap- 
pear with a characteristic chromatin dispersion halo, whereas 


11 Role and Significance of Sperm Function in Men with Unexplained Infertility 


Table 11.7 Methods for assessing sperm chromatin integrity based on direct incorporation of probes to nuclear proteins 


Name and acronym 


Aniline blue 
staining 


Toluidine blue 


Chromomicyn A3 
(CMA3) 


Characteristics 


Aniline blue is an 
acidic dye with high 
affinity for proteins 
loosely attached to 
DNA in the sperm 
nucleus. Increased 
aniline blue staining 
indicates loose chro- 
matin packing 


Toluidine blue is a 
basic dye that stains 
phosphate residues 
of sperm DNA with 
fragmented ends and 
lysine-rich regions 
of histones 


Chromomycin A3 is 
a membrane-imper- 
meant glycosidic 
antibiotic that 
specifically bind to 
G/C-enriched DNA 
sequences. CMA3 
binds to acces- 
sible sperm DNA 
stretches and emits 
fluorescence. DNA 
stretches are more 
or less accessible 
due to protamina- 
tion differences 
with respect to 
AT-enriched DNA 
stretches 


Principle 


The method dis- 
criminates between 
lysine-rich histones 
and arginine/cyste- 
ine-rich protamines. 
Histone-rich nuclei 
of immature sper- 
matozoa are rich in 
lysine and will stain 
in blue. In contrast, 
protamine rich 
nuclei of mature 
spermatozoa are 
rich in arginine and 
cysteine and contain 
relatively low levels 
of lysine, and will 
not be stained 
When the stain 
attaches it pro- 
duces violet-bluish 
intense coloration 
whereas a pale- 
blue color is seen 
with interactions 
with protamines. 
Flow cytometer 

can also be used for 
evaluation 


Evaluation of 
CMA3 staining is 
done by distinguish- 
ing spermatozoa that 
stain bright yellow 
(CMA3 positive) 
from those that 
stain a dull yellow 
(CMA3 negative) 
on examination 
under fluorescent 
microscopy 


Test results 


The measured 
parameter is the 
presence of sperm 
heads stained in 
blue. The percentage 
of stained sperma- 
tozoa is determined 
by counting 200 
spermatozoa per 
slide under bright 
field microscopy 


The measured 
parameter is the 
presence of sperm 
heads stained in 
violet-bluish. The 
percentage of 
stained spermato- 
zoa is determined 
by counting 

under bright field 
microscopy or flow 
cytometry 

A total of 200 
spermatozoa are 
randomly evalu- 
ated on each slide. 
The percentage of 
stained spermatozoa 
is determined 


Advantages 


Simple and 
inexpensive 


Simple and inex- 
pensive (bright-field 
microscopy); severe 
DNA damage can be 
revealed 


Simple and 
inexpensive 
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Disadvantages 


Indirect measure of 
chromatin packag- 

ing; not specific for 
DNA fragmentation 


Indirect measure of 
chromatin packag- 
ing; intermediate 
colors decreases 
interobserver 
reproducibility 


Intra- and interob- 
server variability; 
low specificity. 
CMA3-positive 
sperms have been 
erroneously 
interpreted as 
having defective 
protamination 


those with damaged DNA present with no halo (Fig. 11.13). 
Alternatively, fluorescent DNA specific ligands (e.g., 6-di- 
amino-2-phenylindole [DAPI]) can also be used for staining. 
This method has the advantage of reducing the staining step 
considerably. A differential chromatin decondensation pat- 
tern can be noted between cells with DNA fragmentation and 
those with intact DNA (Fig. 11.10). Regardless of the stain- 
ing method, the sperm DNA fragmentation index (SDFi) 
is calculated as the percentage of fragmented sperm in the 
whole analyzed sample (approximately 400 spermatozoa per 
analysis). 


The mechanism for DNA damage assessment in vari- 
ous assays is related to the differential interaction between 
chromatin proteins and DNA state (supercoiled, relaxed or 
fragmented) which determines the affinity of probes target- 
ing DNA or proteins [111]. In supercoiled and double-strand 
DNA, the binding of an intercalating DNA probe is only pos- 
sible by the interaction of the probe with the minor or major 
DNA groove, whereas in a fragmented DNA the partial loose 
interionic interactions between DNA and chromatin proteins 
allow the external binding of specific dyes to DNA phos- 
phate groups. 
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Fig. 11.10 Schematics of the TUNEL staining using flow cytometry. 
Single- or double-stranded DNA breaks are stained by the TdT enzyme 
and measured by flow cytometry. Alternatively, measurements can be 
carried out using fluorescence microscopy 


In assays using enzymes to catalyze the probe incorpora- 
tion, such as ISNT and TUNEL, the type of enzyme (termi- 
nal transferase and polymerase) cannot determine the nature 
of DNA damage being assessed, that is, double- or single- 
DNA strand breaks. In the comet assay, pH conditions have 


Fig. 11.11 Receiver operating 
characteristic curve showing 

the cutoff value, the area under 
the curve, the sensitivity, and the 
specificity of the TUNEL assay 80 
to discriminate infertile men from 
infertile controls with regard to 
DNA damage 


100 


a 
Oo 


Sensitivity (%) 
è 


N 
© 


Cutoff = 19.25 
Sensitivity = 64.9% 
Specificity = 100% 


S. C. Esteves et al. 


Fig. 11.12 Photomicrographs of spermatozoa assessed by fluorescence 
microscopy using the terminal uridine nick-end labeling (TUNEL) 
assay and propidium iodide. Sperm showing green fluorescence rep- 
resent damaged cells (red arrows), in which dUTP is incorporated to 
DNA breaks, in contrast to nondamaged sperm stained in red (white 
arrows) 


a direct influence on assay performance. While the neutral 
comet assay solely quantifies ds DNA breaks, its alkaline 
variation assesses the presence of ss and ds DNA breaks as 
well as alkali labile sites within the DNA strand. However, 
both experimental strategies can be combined with assess- 
ment of both ss and ds DNA breaks in each cell [129, 130] 
(Fig. 11.14). 

Chromomycin A3 is a membrane-impermeant gly- 
cosidic antibiotic that specifically bind to G/C-enriched 
DNA sequences. Fluorometric assays using Chromomycin 
A3 (CMA3) have been claimed to indirectly measure the 
amounts of sperm protamines [131]. When used on sperma- 
tozoa CMA3 binds to accessible DNA stretches and emits 
fluorescence [132]. DNA stretches are more or less acces- 
sible due to protamination differences with respect to AT-en- 
riched DNA stretches (G-bands in general), and this has been 
misinterpreted as a marker of defective protamination. Dif- 
ferential sperm protamination can be better assessed using 


AUC = 0.82 


| ! | 


0 20 


40 60 80 100 


1 - Specificity (%) 


11 Role and Significance of Sperm Function in Men with Unexplained Infertility 


111 


2,7-dibrom-4-hydroxy-mercuri-fluorescein, a specific com- 
pound which targets for enriched disulphide bond proteins. 
Using a solution of 0.05g/mL in phosphate buffered saline 
for 10 min on partially protein depleted spermatozoa, and 
in the presence of an appropriate counterstaining for DNA, 
such as 4’,6-diamidino-2-phenylindole or propidiun iodide, a 
dual emission for DNA and proteins can be assessed. 
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Fig. 11.13 Assessment of sperm DNA fragmentation using the sperm 
chromatin dispersion (SCD) test. Nucleoids from human spermatozoa 
obtained with the improved SCD procedure (Halosperm, Halotech 
DNA, SL, Madrid, Spain) under bright field microscopy and Wright’s 
stain (a) and under fluorescence microscopy and DAPI staining (b). 
Green arrows target spermatozoa containing a normal DNA molecule. 
Yellow arrows target spermatozoa with a fragmented DNA molecule. 
Red arrows target a highly fragmented spermatozoon (degraded sperm). 
(c-g) Electronic filtered images showing a series of nucleoids with dif- 
ferent levels of sperm DNA damage. Nucleoids with highlighted core 
delineation in green correspond to large (c) and medium (d) halos of 
dispersed chromatin representing a normal DNA molecule. Nucleoids 
in red are spermatozoa containing fragmented DNA and are represented 
by small (e) or absence (f) halos of dispersed chromatin and degraded 
spermatozoa (g). Bright-field and fluorescence microphotographs were 
obtained using a motorized fluorescence microscope controlled with 
software for automatic scanning and image digitization (Leica Micro- 
systems, Barcelona, Spain). The microscope was equipped with a Leica 
EL6000 metal halide fluorescence light source and Plan-Fluotar 60x 
objectives with three independent filter blocks (DAPI-5060B; FITC- 
3540B and TRITC-A; Semrock, Rechestern NY, USA). A charge- 
coupled device (Leica DFC350 FX, Leica Microsystems, Barcelona, 
Spain) was used for image capture 


c 


Finally, the difference in the pattern of forming a loop 
around lysed and acid treated nuclear membrane carcass 
reflects the overall chromatin structure and is used to indi- 
rectly measure DNA breaks in the SCD test. 


Clinical Utility of Sperm Functional Tests 
in Unexplained Male Infertility 


Nowadays, sperm function tests aimed to assess fertilization 
defects are rarely used in the clinical work-up of men with 
UI. Both accuracy, the degree to which the measurement re- 
flects the true value, and precision, the reproducibility of the 
results, are vitally important for clinicians who rely upon the 
values provided by the laboratory to direct the further work- 
up, diagnosis and counseling of the infertile male. Given the 
complexity to perform some of these tests, the difficulties 
in interpreting their results, the lack of treatment options for 
such defects, and in view of the success of assisted reproduc- 
tive techniques (ART), there is little incentive for infertility 
clinics to invest in these methods. The clinical validity of 
assessing sperm-mediated immunity in UI is also uncertain. 
Sperm-bound antibodies should interfere with sperm func- 
tion in order to impair fertility, as proposed by Hamada 
et al. [12]. As such, it is important not only to have 50% or 
more motile spermatozoa attached to the beads but also an 
impairment in sperm function caused by these elevated ASA 
levels, as determined by other sperm function tests such as 
the sperm—mucus penetration test, zona binding assays, and 
the AR response to stimulants [12]. ASA alone have a poor 
correlation with natural, IVF, or ICSI pregnancy rates [7]. 
Moreover, treatment of immunologic-male infertility with 
corticosteroids not only controversial but also associated 
with many side effects. As such, ASA as part of the investi- 
gation of males with UI is of limited value. 

The diagnostic and prognostic validity of seminal oxida- 
tive stress and sperm DNA damage measurements seem to 
exceed that of conventional semen analysis. An oxidative 
stress test may accurately discriminate between fertile and 
infertile men [104, 108, 109]. Moreover, such tests can help 
to select subgroups of patients with infertility in which oxi- 
dative stress is an important factor and those who may ben- 
efit from antioxidant supplementation [109, 133]. Although 
consensus is growing about the clinical utility of seminal 
oxidative stress testing in the male infertility work-up, stan- 
dardization of protocols and validation of results in the group 
of men with UI are still required. 

As far as sperm DNA damage is concerned, the current 
methods have several limitations. First, they do not usually 
measure the degree of sperm DNA damage in a single sperm. 
Second, the present assays do not discriminate between physi- 
ological and pathological damage. Third, none of them enable 
us to depict the exact etiology and pathogenesis of DNA dam- 
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Fig. 11.14 Two-tail comet assay 
(TT-comet). a Original micro- 
scope field showing spermato- 
zoa with DNA strand breaks. b 
Spermatozoon in red with both 
single (ssDNA) and double 
(dsDNAb) strand breaks. Arrows 
indicate the perpendicular sense 
of each electrophoresis. The first 
electrophoretic run on the X-axis 
was performed using a neutral 
buffer to identify dsDNAb. The 
second electrophoretic run was 
performed on the Y-axis using 
an alkaline buffer to identify 
ssDNAb. ¢ Spermatozoa in yel- 
low showing only ssDNAb. d 

A normal spermatozoon with a 
comet produced by constitutive 
alkali labile sites (ALS) 


dsDNAb 


ssDNAb 


c 


age. Of note, the oocyte cytoplasmic machinery can repair 
sperm DNA damage to a certain extent [134, 135]. Repair ca- 
pability is dependent upon oocyte ageing and the type of DNA 
damage. In general, single-stranded DNA damage is easier to 
repair than double-stranded DNA damage [136]. In the mouse, 
it has been shown that embryonic and fetal development were 
related to the degree of damage, and that the oocytes had the 
capacity to repair sperm DNA when no more than 8% DNA 
was damaged [137, 138]. Obviously, assays cannot provide 
information on the sperm DNA reparability by the oocyte. It 
is also known that not all DNA damage is detrimental. In fact, 
few nicks occur as a normal process during winding and un- 
winding of DNA, which are usually joined by topoisomerase 
after histone-protamine replacement [111]. If breaks persist, 
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then a detrimental defective protamination takes place. The 
probability of DNA breaks affecting critical parts of the ge- 
nome is relatively low. In fact, in mammalian species compris- 
ing 3000 to 4000 megabases, about 30% of the genome has 
DNA related to genes, while the remaining 70% are pseudo- 
genes, spacer sequences, and highly or moderately repetitive 
DNA sequences. Within the 30% of gene-related sequences, 
only 3% are DNA sequences directly involved in amino-acid 
coding sequences while the remaining comprises regulatory 
sequences, introns and nontranslated sequences, as well as ac- 
tive repetitive DNA sequences such as ribosomal, RNAs, and 
tRNAs. DNA damage in noncoding regions (close to 97% of 
the genome) is not expected to be as detrimental as damage 
occurring in a coding region of the genome (only about 3%). 
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But even within this scenario of low probabilities, epigenetics 
effects may negatively impact the reproductive process due 
to disrupted gene control [121, 139]. Unfortunately, the cur- 
rent assays are incapable of determining which genes are af- 
fected by DNA damage; hence, their ability to discriminate 
pathological from physiological DNA damage is nil. Still, dif- 
ferent mechanisms cause sperm DNA damage. Despite being 
oxidatively induced in the vast majority, sperm DNA damage 
may also occur as a result of apoptosis during the process of 
spermatogenesis, alterations in chromatin remodeling during 
the process of spermiogenesis, as well as exposure to envi- 
ronmental toxicants and gonadotoxins such as chemotherapy 
and radiotherapy [135]. DNA damage induced by apoptosis 
usually affects a fraction of the spermatozoa giving rise to 
double-strand breaks. In contrast, DNA damage induced by 
oxidative stress and other ionizing stressing agents, such as 
those used in radiation therapy, leads to a massive production 
of single-stranded-DNA damage. In general, it is assumed that 
the amount of single-strand DNA damage generated by these 
aforementioned stressing factors is three times higher than 
double-strand DNA damage [140, 141]. 8-OH-2-deoxyguano- 
sine (oxo8dG) type is one of the commonly nucleotide trans- 
formation derived from the aforesaid processes. This type of 
base mutation can be easily detected using specific immuno- 
assaying on spermatozoa and its presence can be directly relat- 
ed to the presence of DNA fragmentation [142]. To explain the 
decreased reproductive potential of men with elevated levels 
of sperm DNA damage, it is possible that the remaining sper- 
matozoa with no measurable DNA damage have some type 
of damage at varying extents [143]. This concept is supported 
by clinical data showing that sperm injections using testicular 
sperm samples in which the TUNEL test values were > 15% 
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resulted in significantly lower pregnancy rates (5.6%) com- 
pared with TUNEL values of <6% (44.4%; p<0.05) [144]. 

The lack of consensus with regard to the best method to 
assess sperm DNA damage, the normal threshold values of 
different tests and the correlation among tests in reporting 
abnormal levels of sperm DNA damage are also important 
issues limiting its widespread clinical application. Sakkas 
and Alvarez are in favor of using TUNEL as the preferential 
method to detect DNA fragmentation, especially if combined 
with flow cytometry, for its ability to assess “true” sperm 
DNA fragmentation [136]. In contrast, Evenson et al. claim 
that only SCSA has been clinically validated to be used in 
the fertility clinic [143]. Bungum et al., along the same lines, 
argue that SCSA seems to be the most powerful predictor for 
in vivo fertility and among the two in vitro methods, SCSA 
results are more related to the outcome of IVF than ICSI 
[145]. Also, proposed threshold values vary widely among 
tests and also by different authors using the same method 
(Table 11.8). Cutoff points of 10, 12, 19, and 20 % have been 
reported for TUNEL [126, 139, 146-148], 15, 27, and 30% 
for SCSA [145, 149], and 17% for SCD [148]. SCD test cut- 
off points have been adapted from those offered by SCSA 
[128]. In a recent study with SCD specifically conducted in 
an egg donation program to control oocyte quality, a cutoff 
point of 17% was found to best discriminate pregnant and 
nonpregnant couples in IVF with sensitivity and specificity 
close to 75% [150]. Importantly, values above a given cut- 
off point do not preclude the achievement of full-term preg- 
nancy [151]. 

Finally, conflicting data also exist on the correlation among 
different tests in reporting abnormal levels of sperm DNA 
fragmentation. In one study, Chohan et al. have shown that 
SCSA, TUNEL, and SCD techniques had similar predictive 


Table 11.8 Cutoff points for sperm DNA assays to predict in vivo and in vitro fertility 


Authors, year Method 
Evenson et al. 1999 SCSA 
Giwercman et al. 2010 SCSA 
Spano et al. 2000 SCSA 
Sharma et al. 2010 TUNEL 
Duran et al. 2002 TUNEL 
Bungum et al. 2004 SCSA 
Bungum et al. 2007 SCSA 
Seli et al. 2004 TUNEL 
Huang et al. 2005 TUNEL 
Boe-Hansen et al. 2006 SCSA 
Borini et al. 2006 TUNEL 
Benchaib et al. 2007 TUNEL 
Greco et al. 2005 TUNEL 
Micinski et al. 2009 SCSA 
Simon et al. 2011 Alkaline comet 
Nujfiez-Calonge et al. 2012 SCD 


Cutoff point (%) Purpose 

30 Discriminate infertile from fertile males 

20 Discriminate infertile from fertile males 

40 Discriminate infertile from fertile males 

19 Discriminate infertile from fertile males 

12 Pregnancy prediction in IUI 

27 Pregnancy prediction in IUI, IVF, and ICSI 
30 Pregnancy prediction in IUI, IVF, and ICSI 
20 Pregnancy prediction in IVF and ICSI 

10 Pregnancy prediction in IVF and ICSI 

27 Pregnancy prediction in IVF and ICSI 

10 Pregnancy prediction in IVF and ICSI 

15 Pregnancy prediction in IVF and ICSI 

15 Pregnancy prediction in ICSI 

15 Pregnancy prediciton in ICSI 

25 Pregnancy prediction in IVF 

17 Pregnancy prediction in ICSI with egg donation 


SCSA sperm chromatin structure assay, TUNEL terminal deoxynucleotidyl transferase-mediated digoxigenin-dUTP nick-end labeling technique, 


SCD sperm chromatin dispersion test 
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values for detecting DNA fragmentation while AOT consis- 
tently overestimated DNA damage [152]. A high correlation 
between SCSA and TUNEL results (7=0.859; p<0.01) has 
also been reported by Gorczyca et al. [153]. In contrast, Hen- 
kel et al. could not corroborate the aforesaid findings and 
concluded that the assays were not comparable [154]. Our 
own data on TUNEL and SCD to measure sperm DNA frag- 
mentation in a population of men with UI showed that the 
methods were poorly correlated (r=0.28) [127]. However, it 
should be stressed that TUNEL only works precisely when 
the chromatin is partially freed from the proteins protecting 
the DNA. Under this condition, results of SCD and TUNEL 
are expected to be similar (Fig. 11.15). Moreover, TUNEL is 
a technically challenging method for a terminal transferase 
should be used to incorporate modified nucleotides at 3’ ends 
in a fixed specimen. If nucleotides such as biotin or digoxi- 
genin are used, immulogical revelation needs to be included 
in the processing step. Finally, counterstaining of nonlabeled 
cells completes the process. In contrast, the rationale of the 
SCD technique is very simple and, in fact, represents a com- 
bination of the DNA denaturation step used in the SCSA 
method and the controlled protein depletion used in the comet 
assay. While the denaturation step result in the production of 
single-strand DNA motifs from preexisting single- or double- 
strand breaks, the lysis step differentially remove proteins 
linked to single- or double-strand DNA stretches. Since the 
expected amount of DNA damage in each spermatozoon is 
variable, it is also expected that the sizes of the haloes are also 
variable due to differential chromatin removal. 

Altogether, these considerations may explain the reluc- 
tance of clinicians against the introduction of sperm DNA 
damage assays into the routine work-up of infertile males, 
and fuel the ongoing debate on the usefulness of sperm DNA 
utility to predict reproductive outcomes in vivo and in vitro 
[155-159]. Notwithstanding, there seems to be an associa- 


Fig. 11.15 Simultaneous 
assessment of sperm DNA 
damage with the sperm chromatin 
dispersion (SCD) test and in 

situ nick translation (ISTN). A 
direct association is demonstrated 
between spermatozoa with 
fragmented DNA as detected by 
SCD (absence of halo or presence 
of small halo) and ISNT (high 
nucleotide incorporation). The 
same cells were assessed by SCD 
(a) and ISNT (b). The Klenow 
fragment was used to expand the 
DNA nicks and its results are 
equivalent to those obtained by 
TUNEL. Spermatozoa with large 
halos of relaxed chromatin do not 
incorporate labeled nucleotides 
(ISNT), while those with small 
or no halo are highly labeled 
(ISNT*) 
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tion with increased DNA fragmentation and reduced fertility, 
both in vivo and in vitro, and with pregnancy loss after IVF 
or ICSI (risk ratio (RR)= 2.16 (95% confidence interval: 
1.54 to 3.03), p<0.00001) [160]. Yet, at present no single 
test seems to be reliable enough to detect the pathological 
DNA damage with high accuracy to predict the reproductive 
profile of the sperm in natural conception, IUI, IVF, or ICSI, 
thus preventing recommendation of the routine use of sperm 
DNA fragmentation tests in the evaluation and treatment of 
infertile males. Hence, there is an urgent need to refine the 
methods for assessing the sperm DNA integrity and validate 
their cutoff points in different subsets of patients, as well 
as in different interventions, to allow the widespread clini- 
cal use of these tests. Despite all that, the results provided 
by sperm DNA damage assays can be used as additional 
markers of sperm quality in men with UI for they have been 
associated with better diagnostic and prognostic value than 
routine semen analyzes [2, 125, 136, 145]. 


Future Perspectives 


The use of novel genomic, proteomic, and metabolomic 
techniques may add to the existing tests to more precisely 
diagnose men with UI. 

Genomic techniques include microarray technologies, 
which assess copy number variations, gene expression lev- 
els, and single nucleotide polymorphisms (SNPs) [161] 
while proteomic analysis involves the use of one- or two-di- 
mensional sodium dodecyl sulfate polyacrylamide gel elec- 
trophoresis (SDS-PAGE) coupled with mass spectrometry. 
Sperm chromatin assessment using the aforesaid tests has 
already been made clinically available and can be included 
in this category. 


Non Fragmented 
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Proteomic analysis can not only confirm the presence of 
a given protein but also measure its quantity in different iso- 
forms. At present, most proteomic investigation focuses on 
discovering various proteins present in the semen. A database 
listing thousands of proteins in the semen has been recently 
reviewed [162]. The most abundant proteins identified so far 
in the seminal plasma include fibronectin, lactoferrin, lam- 
inin, albumin, and semenogelin, whose molecular functions 
are associated with catalytic enzymatic activity, protein me- 
tabolism, RNA processing/transcription, cell transport/struc- 
ture, and signal transduction [163]. The next step will be the 
identification of the proteins that can be used as biomarkers 
of male fertility and infertility. In this sense, Heat shock pro- 
tein 2 and SPACA1 (sperm acrosome membrane-associated 
protein) are two examples of proteins with different expres- 
sion in sperm of fertile and infertile males [164, 165]. 

Metabolomics, on the other hand, is the study of small 
molecular metabolites with low molecular weight that are the 
products of cell metabolism [166, 167]. It has been conceived 
with an expectation that body-fluid analysis can be optimized 
to create a low-cost, informative and clinically relevant means 
of measuring metabolic changes, even when standard clini- 
cal chemistry markers are within normal limits [100]. These 
biomarkers are quantified by various forms of analytical, bio- 
chemical, and spectral analysis to establish the quantitative 
lists or signatures of the metabolites for healthy control popu- 
lation and test subjects with specific illnesses [168]. Measure- 
ment of metabolic markers of oxidative stress can be included 
in this category. Other methods used in metabolomics include 
gas chromatography, high-performance liquid chromatogra- 
phy (HPLC), and capillary electrophoresis for separation of 
metabolites, whereas mass spectrometry, Fourier-transform 
infrared and Raman or near-infrared spectroscopy are used for 
identification and quantification of the metabolites [167]. Me- 
tabolomics testing using the latter in the field of male infertility 
is just beginning, but preliminary observations are promising. 
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Introduction: Unexplained Male Infertility 


Infertility is a term generally used to reference the reproduc- 
tive state of a couple who are sexually active without the 
use of contraceptives and yet are unable to achieve spon- 
taneous natural pregnancy after a year of attempt. Infertil- 
ity stems from both male and female reproductive impedi- 
ments. Though the range of diagnostic tools, tests and treat- 
ments have developed at an exponential rate over time, it 
is estimated that 5% of couples, nearly half the number of 
people seeking fertility treatment, remain unwillingly infer- 
tile. Unexplained male infertility (UMD) is the term used to 
describe the reproductive state of a couple who are infertile 
despite displaying normal female fertility parameters as well 
as male seminal parameters within the expected ranges for 
successful reproduction. Prevalence is estimated at between 
6 and 27%, subject to the comprehensiveness of diagnostic 
effort [1—4]. The inability of modern medicine to explain the 
phenomenon of UMI has attracted the interest of many re- 
searchers worldwide and several possible causes have been 
investigated, including morphologic, molecular and genetic 
defects (male and female), coital difficulties such as erectile 
dysfunction, autoimmune infertility and sperm dysfunction 
[5]. However, few of the theories have had concrete results 
such as successful treatment strategies. Successful reproduc- 
tion, it seems, remains ever elusive to many hopeful couples 
presenting with UMI. 

Seminal quality has deteriorated rapidly over the past 50 
years, making it an increasingly prevalent and relevant issue in 
UMI. Researchers believe that the ever-changing environmen- 
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tal and lifestyle conditions to which the human body is exposed 
throughout an entire lifespan contribute greatly to this deterio- 
ration. Developments in industry and changes in modern life- 
style give rise to a range of different factors such as exposure 
to chemicals and toxins, harmful environmental agents and ad- 
verse lifestyle factors, all of which the body and, consequently, 
the reproductive system has to cope with. Environmental in- 
sults during maternal and infancy phases of human develop- 
ment can mediate mechanisms disturbing the morphologic, 
endocrine hormonal or oxidative aspects of testicular tissue 
and can have severe and irreversible effects on spermatogen- 
esis (Sperm production in mature testes) in a subject or its off- 
spring. This will adversely affect seminal parameters. 

This chapter aims to identify the most prominent toxins 
and environmental factors affecting male infertility today, as 
seen in Table 12.1. Some of the possible effects that the most 
prevalent of these toxins and environmental factors may 
have as the result of exposure of the male reproductive sys- 
tem to the adverse elements will be discussed in more detail. 


Phases of Male Reproductive Development and 
Environmental Insult 


Male reproductive development starts in utero during ges- 
tation and starts with the initiation of testes development 
from the bipotential gonad. The bipotential gonad differen- 
tiates from the genital ridge, which forms as a thickening 
of somatic cells on the surface of the mesonephros from 
which it originates. After gonadal determination structures 
develop dependent on hormone regulation and this process 
is known as sexual differentiation. The gonad gives rise to 
three bipotential cell lineages responsible for the formation 
of Sertoli cells, steroidogenic cells and cells responsible for 
completion of gonadal structural development. The first foe- 
tal precursor cell lineage is responsible for the formation of 
steroidogenic cells responsible for the secretion of sex hor- 
mones and secondary sexual characteristics. The second cell 
lineage gives origin to Sertoli cells and mesenchymal cells. 
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Table 12.1 List of environmental factors, lifestyle factors and gonadotoxins and their possible mechanism of action and effect on the male repro- 


ductive system 


Table of toxins and environmental factors affecting male fertility 


Environmental and lifestyle factors Mechanism of action Effect Reference 
Agricultural influences 
Fertilizers 
Nitric oxide Impaired spermatogenesis Decreased sperm function param- [26] 
eters: motility, viability, acrosome 
reaction 
Pesticides 
Dichlorodiphenyltrichloroethane Impaired Leydig cell develop- Decreased testosterone levels, [27-29] 
(DDT) ment, decreased testosterone decreased sperm concentration 
Ethylenedibromide receptors 
1,2-dibromo-3-chloropropane [30] 
ethylenedibromide 
Chlorpyrifos Increased production of reactive | ROS-induced DNA damage and [31] 
oxygen species (ROS) lipid peroxidation of spermatozoa 
Arsenic Genetic and epigenetic changes in Subfertility [38] 
the genome, carcinogenesis 
Herbicides 
Lindane Increased production of ROS, Oxidative stress-induced DNA [32, 36-37] 
damaged Sertoli cell morphology, damage, decreased sperm counts 
impeded function of steroidogenic and reduced circulating testoster- 
enzymes and proteins one levels 
Methoxychlor Increased production of ROS Oxidative stress-induced DNA [34, 35] 
Dioxin-TCDD damage, decreased sperm counts [33] 
Vinclozolin Acts as endocrine disruptor and Impaired testes development, [39] 
androgen receptor antagonist, impaired spermatogenesis later in 
impaired embryonic testicular adult life, reduced sperm function 
cord formation, increased apop- 
totic germ cell numbers 
Industrial Influences 
Toluene Increased production of ROS, Oxidative damage, reproductive [31, 40] 
decreased antioxidant levels toxicity and decreased sperm 
count and testosterone levels 
Xylene Inhibition of mitochondrial Decreased sperm functional [40-44] 
respiration and enhanced ROS parameters 
production 
Acrylamide Inhibition of sperm maturation Spontaneous abortion and birth [30] 
and motility and increased inherit- defects in the offspring 
able DNA fragmentation 
Perchloroethylene (PCE) Impaired sperm function Prolonged conception timeframe [45] 
parameters and spontaneous abortion 
Polychlorinated biphenyl (PCB) Impaired spermatogenesis, Impaired sperm function, [46] 
increased gonadotropin-releasing decreased testosterone levels 
hormone, decreased LH, antian- 
drogenic and antioestrogenic 
Epigenetics Mutations in gametes and gamete Transmission of genetic phe- [8, 47-57] 
production line notypes between generations 
and possible harm to testes and 
subsequent seminal parameters of 
progeny 
Cigarette smoke 
Nicotine Disrupted oxygen supply to tis- Lowered sperm concentration, [58-70] 
Hydroxycotinine sues, induced inflammation and declined motility and increased 
Nitrosamines oxidative stress, impaired Leydig abnormal morphology, lowered 
Carb id cell function male to female ratio of offspring, 
arbon monoxide 
: lowered testosterone levels 
Alkaloids 
Polycylic aromatic hydrocarbon [9] 


(PAH) 
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Table 12.1 (continued) 


Table of toxins and environmental factors affecting male fertility 
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Environmental and lifestyle factors Mechanism of action Effect Reference 
Nutrition, Obesity, Exercise 
Vitamin C Decrease in quality of diet, less Subfertility [72,75] 
Vitamin E intake of key antioxidants [73, 74] 
Selenium [76] 
Carbendazim Inhibited steroidogenic- and anti- Decreased testes weights, [90-93] 
oxidant enzymes and increased decreased sperm functional 
production of H,O,-inducing parameters, reduced seminiferous 
oxidative stress in Leydig cells tube diameters 
Parabens Lowered oestrogenic activity and Possible role in unexplained male [94] 
mitochondrial interaction infertility 
Alcoholism Increased circulating levels of Impaired spermatogenesis, [97-111] 
oestrogens, induced hypoxia, testicular atrophy, impotence, 
reduced FSH, LH and testos- impaired libido, severely impaired 
terone levels, oxidative stress, seminal parameters 
reduced antioxidants and lipid 
peroxidation 
Radiation 
RF-EMW Stimulation of NADH oxidase, Lipid peroxidation and oxidative [112-121, 127] 


activation of leukocytes and 
generation of ROS, decreased 
melatonin, impaired Leydig cells, 
increased scrotal temperatures 


stress, decreased cellular antioxi- 
dant levels, increased malonyldi- 
aldehyde (MDA) levels 


X-ray radiation Endocrine disruption and Dose responsive subfertility, high [122-126] 
decreased sperm quality dosages leading to irreversible 
sterility 
Stress 
Scrotal heat stress Impaired spermatogenesis Decreased sperm profile param- [128-151] 
Influenza eters and difficulties in achieving 
Malaria pregnancy 
Varicocele 
Cryptorchidism 
Psychological, noise stress Decreased antioxidants, increased Impaired male reproductive func- [152-161] 


free radical production, induced 
oxidative stress, increased gluco- 
corticoids, decreased testosterone, 
lipofuscin accumulation in Leydig 
cells, decreased testosterone 


tion, lowered semen quality 


Gonadotoxins, chemicals and male 
reproductive system 


Plastics 

Plasticizers Increased ROS production, Impaired sperm parameters and [30, 95, 164-168, 175] 

Bisphenol A (BPA) increased H,O, levels, antioxidant difficulties with reproduction 

Nonylphenol depletion, induced oxidative stress 

Di (2-ethyhexyl) phthalate [DEHP] Testicular atrophy, inhibition of [169-174] 
spermatogenesis via ROS produc- 
tion and Zinc depletion 

Heavy metals 

Lead Increased ROS synthesis and Impeded spermatogenesis and [176-183] 
induced oxidative stress, inhibi- decreased sperm concentration 
tion of antioxidant enzymes 

Cadmium Antisteroidogenic: lowered [183-187] 


testosterone secretion. Impaired 
Leydig cell function. Pro-oxidant: 
increased free radical production 
and reduced zinc levels. Disrupts 
inter-Sertoli cell tight junctions 
and impairs blood/testes barrier 
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Table12.1 (continued) 


Table of toxins and environmental factors affecting male fertility 


Environmental and lifestyle factors Mechanism of action Effect Reference 
Pharmacological agents 
Sulfa-drugs Impaired spermatogonia Impaired spermatogenesis [189-195] 
Tetracyclines and long-term use can lead to 

infertility 
Finasteride Impaired spermatogenesis Decreased sperm function 

parameters 
Recreational drugs: marijuana, Endocrine disruption Impaired male reproductive [196] 
cocaine, methamphetamine capabilities 
Anabolic steroids Impaired LH secretion, impaired Oligozoospermia, hypogonado- [197, 198] 


testosterone production, impaired 
spermatogenesis 


The Sertoli cells regulate the synthesis of the seminiferous 
tubes, while the mesenchymal cells differentiate into Ley- 
dig cells. The third cell lineage differentiates into the gonad 
structure. Development of the bipotential gonad is dependent 
on the anti-Mullerian hormone secreted by the Sertoli cells, 
testosterone secreted by interstitial cells and the insulin-like 
3 hormone. The intermediate mesoderm is homologous for 
male and female development and gives rise to the Wolff- 
ian ducts, Mullerian ducts and the gonad precursors. During 
male development, the Mullerian duct, under influence of 
testosterone, dissolves away while the Wolffian duct gives 
rise to the epididymis, vas deferens, ductus deferens, ejacu- 
latory duct and the seminal vesicle. Thus, the precursor cells 
and subsequent spermatogonia are of cardinal importance to 
spermatogenesis in the adult male. It is crucial that precur- 
sor cells proliferate unimpeded and give rise to an optimal 
amount of spermatogonia. The development of the external 
male genitalia is dependent on dihydrotestosterone. The 
transfer of the testes from the genital ridge to the scrotum 
is a process of cardinal importance to sexual differentiation. 
Testosterone induces the relaxation of the cranial suspensory 
ligaments allowing the descent of the testes into the scrotum. 
The increased abdominal pressure due to the viscera growth 
and the elastic properties of the testes then cause the testes 
to be forced through the inguinal canal and into the scrotum. 
After the initial development of the essential male reproduc- 
tive organs, the reproductive system lies dormant until pu- 
berty when the hypothalamic-pituitary gland (HPG) axis be- 
comes active and the process of spermatogenesis can initiate. 
With the onset of puberty the hypothalamus secretes go- 
nadotropin releasing hormone (GnRH), which stimulates the 
anterior pituitary causing the secretion of the gonadotropins: 
follicle stimulating hormone (FSH) and luteinizing hormone 
(LH). The LH is responsible for the stimulation of testoster- 
one and thus the onset of secondary sexual characteristics. 
The FSH is responsible for the stimulation of Sertoli cells 
responsible for the onset of spermatogenesis [6—8]. 
Spermatogenesis is the process whereby the mature male 
reproductive system produces haploid gametes from diploid 


tropic hypogonadism 


spermatogonia during a complex and delicate process that 
initiates in puberty and continues right through a male’s life- 
time. Spermatogenesis requires a combination of synchro- 
nized gene expression and cell division and takes place in the 
testes over a period of a little more than 2 months. 

Of cardinal importance to the normal occurrence of sper- 
matogenesis are the Sertoli cells as they alter rates of sperm 
production in adult testes and produce factors essential to 
gamete development [9—11]. Leydig cells are responsible for 
the secretion of androgenic hormones. These androgens are 
key to appropriate testicular development, such as urethral 
groove fusion and descent of the testis [12, 13]. 

Due to the intricacy of the process, spermatogenesis is to- 
tally dependent on the existence of optimal conditions. It is 
extremely sensitive to changes in the external environmental 
elements. Therefore, environmental insult that affects gonad- 
al differentiation, Sertoli- or Leydig-cell proliferation or sper- 
matogenesis at any age could affect male reproductive de- 
velopment and thus lead to adverse reproductive pathologies 
such as oligozoospermia, asthenozoospermia, hypospadias, 
testicular spermatogonia cancer and cryptorchidism [7—9]. 

The male reproductive system can be exposed to adverse 
environmental factors during any of its three stages of de- 
velopment: maternal-dependent (gestation and lactation) de- 
velopment, early-life (prepubertal)—development or sexual 
maturity (Fig. 12.1). Specifically, the effects of environmen- 
tal factors during the two developmental stages (maternal/ 
early-life) can be detrimental to testicular development and 
spermatogenesis. This can result in poor semen parameters 
later in life, including impaired sperm concentration and 
motility. There can also be direct exposure to hostile envi- 
ronmental factors during adulthood. Similar to the maternal 
and infancy stages of development, such factors can have a 
negative impact on spermatogenesis. However, direct expo- 
sure during later life is regarded as reversible while early life 
exposure is considered to be irreversible [14, 15]. Overall 
exposure to adverse elements can impair the male reproduc- 
tive system during any of its stages of maturity and thus af- 
fect spermatogenesis through several mechanisms of action: 
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Fig. 12.1 Effects of environ- 
mental factors, lifestyle factors 
and gonadotoxins on male fertil- 
ity. Exposure of male reproduc- 
tive system to environmental 
factors, lifestyle factors and 
gonadotoxins during gestation, 
early life and adulthood could 
affect hormonal and testicular 
regulation, thus contributing to 
impaired sperm function and as- 
sociated male infertility 


Environmental & Lifestyle 
Factors \ 


Hormonal Dysfunction 


Impaired Sperm function 


e Any stage of maturity: Impediment of spermatogenesis ° Adulthood exposure: Harmful substances such as xenobi- 
and/or Sertoli- and Leydig-cell function can affect sper- otics or adverse lifestyle factors can affect spermatogen- 


matogenesis in later life. 


esis. 


e Maternal exposure: Endocrine-inhibiting substances and Lifestyle factors, such as cigarette smoking during preg- 
adverse lifestyle factors can affect reproductive organ nancy, have proven to reduce sperm concentration in devel- 


development. 


oping males as well as Sertoli cell count. This is because 


e Postnatal exposure: Environmental fluctuations such as the components in cigarette smoke antagonize androgen 
changes in scrotal temperatures can affect spermatogen- receptor-mediated function and thus impede reproductive 


esis in later life. 


organ development. Maternal obesity has also been shown 
to reduce sperm concentration in the male offspring and in- 
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hibit testicular development via interference of the foetus’ 
testosterone/oestrogen balance. Diet of the mother can also 
affect the developing foetus through, for example, ingestion 
of anabolic steroids found in meat. These anabolic steroids 
and the oestrogenic substances used to process and cook the 
meat can act as xenobiotics and impair the critical hormone 
balance in foetal development leading to impaired spermato- 
genesis in the mature offspring. Other harmful substances 
such as herbicides and pesticides, which are lipophilic, can 
also be absorbed and start amassing in the fat of pregnant 
mothers. These substances are then slowly released to the 
foetus and infant via placental uptake and breast-feeding 

[16-19]. 

Fluctuations in postnatal thermal scrotal temperatures 
may lead to an adverse reproductive state known as scrotal 
heat stress that is responsible for a decline in sperm count in 
later years (as discussed in section ‘Heat, Noise and Psycho- 
logical Stress’). Studies have shown that the use of dispos- 
able plastic-lined diapers instead of reusable cotton diapers 
during infancy and early childhood induce higher scrotal 
skin temperatures [20—22]. 

Environmental insults in the form of oestrogens have been 
shown to cause responsive changes in the neuroendocrine 
system of the mature male with effects notable in reproduc- 
tive function and spermatogenesis [23]. Such environmental 
oestrogens, known as xenobiotics, can have a negative im- 
pact on male fertility as ingestion of these substances has 
been directly correlated to decreased sperm concentration. 
Xenobiotics have been found to adversely affect the male 
reproductive system in the following ways: 

e The inhibition of FSH secretion by the foetal pituitary 
gland and thus a disturbance in the HPG-axis leading to a 
decreased number of Sertoli cells 

e The inhibition of Leydig cell formation and function lead- 
ing to decreased testosterone production and decreased 
gamete differentiation 

e The inhibition of androgen receptors within foetal testes 

e The conversion of xenobiotics to quinones that produce 
reactive oxygen species (ROS) that, when produced in 
excess, induce oxidative stress or damage DNA [24]. 


Environmental Factors, Lifestyle Factors and 
Male Infertility 


As already noted, it is increasingly evident that spermato- 
genesis is an immensely sensitive and delicate process that 
is dependent on optimal conditions and severely susceptible 
to fluctuations in external factors [7]. The rapid expansion of 
Western lifestyle with its concomitant increase in industry, 
changes in diet, excessive alcohol consumption, bad smok- 
ing habits and high levels of stress may be responsible for the 
aforementioned decrease in male fertility. 
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Agricultural Influences 


With a world population of just under 7 billion people, suf- 
ficient food production has become a major worldwide issue, 
giving rise to biotechnology and food engineering/modifica- 
tion as a whole new form of industry. 

While the introduction of fertilizers, herbicides and pes- 
ticides has made large-scale food production possible, it has 
also introduced a new set of chemicals and possible toxins 
that could adversely affect a great number of people globally. 
Nitrogen and ammonia are two currently used fertilizers in 
food cultivation and can stimulate nitric oxide (NO) produc- 
tion. When found in excessive levels in the body, NO, inhib- 
its spermatogenesis with a resultant drop in sperm motility, 
viability, acrosome capacitation and ability to fertilize the 
egg [25]. Pesticides such as dichlorodiphenyltrichloroethane 
(DDT), 1,2-dibromo-3-chloropropane, ethylenedibromide, 
vinclozolin and organophosphates have proved to inhibit 
sperm concentration and studies have shown that farmers 
who have high exposure to such pesticides have a higher in- 
cidence of infertility than men in other occupations [26-29]. 
Another organophosphate pesticide, chlorpyrifos, has been 
implicated in ROS-induced DNA damage and lipid peroxi- 
dation of spermatozoa [30]. Herbicides such as lindane, me- 
thoxychlor and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 
have all been directly correlated to oxidative stress and de- 
creased sperm concentration. Lindane exposure is also detri- 
mental to the reproductive system by damaging the morphol- 
ogy of Sertoli cells, resulting in decreased spermatogenesis. 
Lindane exposure also impedes the function of steroidogenic 
enzymes, steroidal regulatory and transport proteins and thus 
reduces circulating testosterone levels [31-36]. 

The large-scale use of such fertilizers, herbicides and pes- 
ticides is proving to be of major concern to fertility special- 
ists. Eradicating the use of these agents is probably not a 
realistic solution to the problem as the agents address the 
much more basic human need for food on which millions of 
lives depend. 


Industrial Influences 


In industrial environments substances commonly occur that 
have been found to adversely affect the fertility of males that 
regularly work in these environments. Examples of such 
substances are toluene, xylene, acrylamide and perchloro- 
ethylene (PCE). 

Toluene is an organic solvent found in paint, rubber, glue, 
gasoline and several cleaning agents. It is ingested through 
the inhalation of vapour. Studies have shown toluene to de- 
crease epididymal sperm concentration and decrease testos- 
terone levels by inducing a state of oxidative stress through 
the excess production of ROS or a decrease in the antioxida- 
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tive capacity of cells [27, 37]. Another substance commonly 
found in industrial areas, Xylene, has presented in workers’ 
blood and semen where it has been found in the air in excess 
of the allowable atmospheric amount. Studies have shown 
xylene to decrease sperm viability, motility and acrosin activ- 
ity by inducing a total impediment of mitochondrial respira- 
tion and stimulating mitochondrial ROS production [37—41]. 
Acrylamide, known as an intermediate in the production of 
polyacrylamide, is used in water purification, paper produc- 
tion and mining. Acrylamide has been associated with the 
inhibition of sperm maturation and motility and increased 
inheritable DNA fragmentation. PCE is a substance found in 
the cleaning industry and has been found to prolong concep- 
tion timeframes and even cause spontaneous abortion in the 
partners of men exposed to it [42]. 

As industry expands, better health and safety regulations 
should be put in place to protect the health of workers. Fer- 
tility specialists should do a full history check and test for 
industrial substances when attempting to treat men working 
in this sector who are experiencing fertility issues. 


Epigenetics 


Transgenerational inheritance is a term that refers to the 
ability of environmental factors to not only promote a patho- 
physiologic condition in an individual but to promote it in 
successive generations. Most environmental parameters 
such as nutrition or toxins do not directly cause DNA muta- 
tions or alterations in DNA sequence but do have the ability 
to alter the epigenome. Mutations in the gametes and gamete 
production line, which become irreversible, can cause trans- 
mission of genetic phenotypes between generations and can 
cause downstream harm to the testes and subsequent seminal 
parameters of the progeny. Transgenerational and early life 
exposure to adverse environmental factors, such as endo- 
crine disruptors, are now considered key factors in the onset 
of adult reproductive impediment. Imprinted genes are spe- 
cific genetic factors dependent on epigenetic programming 
that can be influenced by environmental factors such as nu- 
tritional factors, inorganic toxins such as arsenic, endocrine 
interrupters such as bisphenol A (BPA), phytoestrogens and 
chemicals used as fungicides and pesticides [43—54]. 


Cigarette Smoke 


The adverse effects of smoking on the body and on male 
fertility are well-established—yet cigarettes remain one of 
the world’s top selling commodities. Smoke inhalation has 
been correlated to lower sperm concentration, declined mo- 
tility and increased abnormal morphology in sperm. Smok- 
ing disrupts the oxygen supply to tissues and the reproduc- 
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tive system as well as exposing the reproductive system to 
more than 2000 substances that have the potential to harm, 
such as nicotine, carbon monoxide, nitrosamines, alkaloids 
and hydroxycotinine. These substances can increase the pro- 
duction of free radicals such as ROS and reactive nitrogen 
species (RNS), which when produced at pathophysiologic 
levels, can lead to oxidative stress and ultimately to infertil- 
ity [55—58]. Studies have found a direct correlation between 
cigarette smoke intake, increased ROS levels and decreased 
levels of antioxidants. Studies have also correlated smoking 
with an increase in cadmium levels. Cadmium is a heavy 
metal known for its detrimental effects on reproduction [56, 
58]. It is understood that metabolites that enter the circula- 
tion as a result of smoking act as chemotactic stimuli-induc- 
ing inflammation and attract leukocytes that produce ROS 
and induce oxidative stress [56, 59]. Smoking has proved to 
decrease seminal levels of antioxidants such as vitamins C 
and E [60, 61] and has been associated with higher levels of 
tetrazoospermia [62]. 

Tobacco smoking has also been shown to reduce the ratio 
of male to female offspring, even if only the father smokes 
[63]. The nicotine and cotinine found in smoke either inhibit 
the intracellular calcium content or completely block the ef- 
fects of calcium on steroidogenesis in Leydig cells, resulting 
in a decline in circulating testosterone levels [64]. In addi- 
tion, nicotine intake results in increased blood cholesterol 
levels causing atherosclerosis in arteries supplying blood to 
the reproductive system and thus resulting in lowered blood 
[65]. Chronic exposure of the male reproductive system to 
nicotine leads to a state of vasoconstriction or vasospasm 
within the penile arteries and smooth muscle leading to an 
impairment of Leydig cell function [66, 67]. 


Nutrition and Exercise 


When assessing nutritional factors and their effects on the 
male reproductive system, there are three factors to take into 
account: 

e Diet and malnutrition 

e Obesity 

e Ingestion of preservatives 

With the spread of Westernized lifestyle in modern times, 
many cultures have moved away from their traditional diets 
and conform to new eating habits by consuming more refined 
carbohydrates and less fresh fruit and vegetables. Fruits and 
vegetables contain essential nutrients such as antioxidants, 
vitamins and folate that play key roles in DNA and RNA 
synthesis during spermatogenesis. Many of these nutritional 
elements are also antioxidants of paramount importance. Vi- 
tamins C and E are both antioxidants that neutralize ROS 
and prevent oxidative stress. Vitamin C protects the sperm 
DNA in the seminal fluid and Vitamin E protects the sper- 
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matozoa membranes. Selenium is a mineral that also func- 
tions as an antioxidant. Studies have reported that these anti- 
oxidants improve male fertility parameters when either used 
alone or in combination. Studies have shown that a decrease 
in ingestion of these nutritional substances is correlated to 
subfertility [27, 68-73]. 

With an increased intake of refined carbohydrates, lipids 
and proteins as associated with increased global Western- 
ization; overweight and obese individuals have become an 
ever-growing issue affecting the health and economic status 
of many countries. Men with a body mass index (BMI) of 
over 25 are up to three times more at risk to be classified as 
infertile due to reduced sperm concentration and increased 
sperm DNA fragmentation. 

There are three main theories that attempt to explain 
the link between obesity and infertility. First, studies have 
shown a direct correlation between change in BMI trends 
and changes in endocrine and exocrine functions of the tes- 
tes. The prevalence of excess adipose tissue leads to the con- 
version of testosterone to oestrogen, thereby decreasing the 
levels of circulating testosterone and increasing the levels of 
estradiol. These changes are accompanied by decreases in 
LH and FSH, leading to impaired spermatogenesis. Second, 
accumulation of inner thigh, pubic and abdominal fat could 
cause infertility through increased scrotal temperatures. 
Third, obesity and many of its associated conditions such 
as dyslipidemia and insulin resistance, which all form part 
of the broader condition known as metabolic syndrome, are 
associated with induced states of systemic proinflammation. 
Systemic proinflammation is accompanied by increased ac- 
tivation of leukocytes, production of ROS and subsequent 
onset of oxidative stress and lipid peroxidation, which se- 
verely impair sperm parameters [74-85]. 

Preservatives found in food and other consumer products 
as broad spectrum antifungal agents (such as fruit, paint and 
textiles) can be harmful to male reproductive parameters. 
Studies have correlated carbendazim (methyl-2-benzimid- 
azole carbamate) intake to decreased testes weight, low 
sperm concentration and motility, reduced seminiferous tube 
diameters and increased incidence of abnormal sperm. Re- 
searchers postulate that carbendazim adversely affects repro- 
ductive systems by inhibiting steroidogenic and antioxidant 
enzymes and increasing production of hydrogen peroxide 
(H,O,) radicals. These changes then induce oxidative stress 
and cause lipid peroxidation in Leydig cells [86-89]. Recent 
research done on preservatives that have been commonly 
used and regarded as safe for many years, such as parabens 
(alkyl esters of p-hydroxybenzoic acid), has concluded that 
these substances may not be as safe as previously thought. 
Such substances may interact with mitochondria and so play 
a role in unexplained infertility [90-92]. 
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Alcohol 


Evidence suggests that moderate alcohol consumption does 
not have any effect on male reproductive function. Exces- 
sive chronic alcohol use, however, does harm spermatogen- 
esis and male fertility. Alcoholism has been associated with 
testicular atrophy, impotence, impaired libido, reduced FSH, 
LH and testosterone levels, oxidative stress, reduced antiox1- 
dants and lipid peroxidation and severely impaired seminal 
parameters. Studies suggest that alcohol adversely affects 
the reproductive system by promoting the overproduction of 
free radicals such as ROS, and inducing a state of oxidative 
stress in the testes as well as inducing hypoxia and causing 
tissue damage in a system already very sensitive to changes 
in oxygen supply. Alcoholics often follow diets that deprive 
them of antioxidants [93—99]. 

Excessive alcohol intake also causes an increase in cir- 
culating levels of oestrogens in males. The increased oes- 
trogen levels disrupt the normal production of testosterone 
and cause saturation of testosterone receptors in the hypo- 
thalamus in the brain. This in turn leads to a reduced signal 
sent to the pituitary gland, which in turn reduces the secre- 
tion of luteinizing hormone (LH). Ultimately, this results in 
reduced testosterone production in the gonads. An increase 
in circulating oestrogen also increases the production of sex 
hormone-binding globulin (SHBG). The SHBG binds testos- 
terone and reduces the plasma levels of testosterone. Testos- 
terone levels in plasma are key to the homeostasis of the go- 
nadotropins (LH and FSH), which regulate spermatogenesis 
and the maturation of sperm cells [100, 101]. 


Cell Phone, Laptop and lonizing Radiation 


With the increasing modern day usage of electronics that 
transmit electromagnetic waves, much attention has been 
drawn to the possible effects of such devices on the human 
body. Studies have shown that cell phone usage directly 
correlates to a decline in male fertility parameters. Cell 
phones transmit via radiofrequency electromagnetic waves 
(RF-EMW) that significantly increase malonyldialdehyde 
(MDA) levels (a lipid product of lipid peroxidation and oxi- 
dative stress) and decrease cellular antioxidant levels. Re- 
searchers postulate that cell phone-associated radiation can 
lead to the induction of oxidative stress through either 
e the stimulation of the sperm plasma membrane redox sys- 
tem, which entails activation of NADH oxidase, or 
e the activation of leukocytes and the subsequent genera- 
tion of ROS. 
Cell phone-associated radiation also seems to decrease mela- 
tonin, which acts as an antioxidant in the body. Other mor- 
phological research reports that RF-EMW emitted from cell 
phones adversely affects Leydig cells via a thermal molecu- 
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lar mechanism resulting in impaired spermatogenesis. Elec- 
tromagnetic field (EMF) exposure was directly correlated to 
a decline in seminiferous tubular diameter and epithelium 
thickness [102-110]. 

Exposure of ionizing radiation in chronic doses has also 
been associated with endocrine disruption and decreased 
sperm quality. Studies done on cooperating prisoners opting 
for testicle X-ray irradiation, as well as men exposed to ra- 
diation after the Chernobyl nuclear tragedy, reported a direct 
correlation between dose of ionizing radiation and increas- 
ing infertile parameters with high dosages of exposure even 
leading to irreversible sterility [111—115]. 

Laptops wirelessly connected to the Internet through Wi- 
Fi, transmit via RF-EMW radiation and, when used on a per- 
son’s lap, increase scrotal temperatures. A recent pilot study 
shows that ex vivo exposure of human spermatozoa to RF- 
EMW via an Internet-connected laptop decreases motility 
and increases DNA fragmentation. This suggests that laptops 
connected to the Internet, used on the lap in close proximity 
to the testes, could impede male infertility, but here more 
research is needed [116]. 


Heat, Noise and Psychological Stress 


Exteriorization (descending) of the testes is unique to mam- 
mals. It is an evolutionary adaptation to keep the testes at 
a core temperature of 3-4°C cooler than the normal 37°C 
internal abdominal temperature. Keeping the testes cool re- 
duces rates of DNA damage and resulting sperm mutations. 
Any fluctuations in the testes temperature, caused for, e.g. 
by occupations, lifestyle choices or disease, can disrupt this 
susceptible system of homeostasis and impair spermatogen- 
esis [117—119]. 

Occupational chronic exposure of the body to raised tem- 
peratures has been correlated to decreased sperm profile pa- 
rameters and difficulties in achieving pregnancy. This prob- 
lem is especially prevalent in people with occupations that 
entail working in close proximity to a furnace, for example 
welders, bakers and stokers. Some studies, however, still 
contest these findings and thus the effect of chronic heat ex- 
posure remains a somewhat controversial subject. Prolonged 
periods of sitting and inactivity associated with office jobs 
have been shown to correlate with high scrotal temperatures 
and decreased sperm concentration. Sperm density has been 
directly correlated to a decrease by 40% per 1°C change in 
the daytime scrotal temperature. Professional drivers have 
also been associated with reduced seminal quality and dif- 
ficulties in achieving pregnancy [120-129]. 

Lifestyle choices can have an effect on scrotal heat tem- 
peratures and subsequent infertility. Wearing tight fitting 
underclothing such as briefs as opposed to wearing looser 
fitting boxers can cause increased scrotal temperatures. Pro- 
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longed hot baths, steam rooms and saunas increase scrotal 
temperature to such an extent as to inhibit spermatogenesis. 
As previously mentioned, dietary choices leading to obesity 
can increase scrotal temperature and thus impede spermato- 
genesis [130-137]. 

Illnesses such as influenza or malaria and conditions such 
as varicocele or cryptorchidism could also lead to height- 
ened scrotal temperatures. Studies have shown a decrease in 
seminal quality after the onset of fever caused by influenza 
or malaria [138—140]. 

Situations causing a subject to experience mental stress 
have been associated with impaired male reproductive func- 
tion. Mental stress has been associated with lower levels of 
antioxidant enzymes and higher levels of oxidants possibly 
leading to an induced state of oxidative stress. Studies have 
also shown a correlation between mental stress and lowered 
semen quality. For example, a study done on students showed 
that semen quality was severely affected by stress caused by 
exams. It is well-established that stress leads to increased 
levels of glucocorticoids, but it is also associated with de- 
creased levels of testosterone [141—145]. Corticosterone 
administration is known to stimulate free radical production 
and lipofuscin formation in the mitochondria of Leydig cells. 
Similarly, studies show that chronic noise stress can lead to 
lipofuscin accumulation in testes and decreased testosterone 
levels. This means that chronic noise stress could prove to be 
detrimental to male reproductive systems [146—148]. 

Studies that provide a good example of the effect of both 
mental and noise stress on the male reproductive system ex- 
amine the effect of war on the reproductive system. Studies 
on the 15-year Lebanese civil war have reported that infertile 
males had a 57% correlation to civil war-related trauma (res- 
idence in bombing areas, participation in combat, injuries, 
kidnapping and displacement from home). There was also 
a significant association between war involvement and de- 
creased sperm concentration and increased abnormal sperm 
morphology [149, 150]. 


Gonadotoxins and Male Infertility 


It is inevitable that, with spermatogenesis proving to be 
such a susceptible process, chemical exposure as a result 
of environmental pollution will lead to adverse sperm pa- 
rameters and difficulties with reproduction [111]. Over the 
past 50 years, average sperm concentrations in the general 
population have decreased by 50%. During this same pe- 
riod extensive environmental and lifestyle changes have oc- 
curred in both First and Third World Countries. There has 
been astronomic growth in the chemical industry, with an 
ever-increasing market for new products leading to ever-in- 
creasing masses of product waste [151, 152]. Studies in this 
field battle with the immense difficult of identifying and ana- 
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lysing the effect of a single external factor such as environ- 
mental pollution on a complex organism which is constantly 
exposed to a mixture of toxins and environmental insults. 


Plastics 


Plastic has become a very common substance in consumer 
products found in most households all over the world. Plastic 
suppliers often add substances when producing plastics to 
make them more functional and useful. Many of these added 
substances are, however, quite toxic to the reproductive sys- 
tem. Plasticizers are polyphenolic chemical substances used 
to prolong the elasticity and durability of plastics and are 
common in clear, heat-resilient and indestructible plastics. 
Plasticizers have been found to be harmful to the male re- 
productive system. Another chemical commonly found in 
plastics is bisphenol A (BPA). BPA is an additive to dispos- 
able plastics used to improve polycarbonate plastics; it is 
also used in dental materials. BPA has been found to have 
the ability to migrate from the plastic of food containers into 
food and from dental sealants and fillings into circulation 
in the human body. BPA has been found to be present in 
the blood of 90% of Americans. BPA has proved to inhibit 
sperm concentration, motility and viability. Studies have 
shown that BPA generates ROS in several tissues, including 
the reproductive tissues, and causes an increase in the levels 
of H,O, in testicular tissue. This increase in free radicals ul- 
timately leads to a depletion in cellular antioxidant defences, 
an imbalance in oxidant—antioxidant production and a subse- 
quent induced state of oxidative stress [153—157]. Phthalate 
esters have been used to increase the elasticity of plastics 
in bags, toys, clothing and pharmaceutical products such as 
soaps and shampoos. Animal studies report that a specific 
phthalate ester, Di(2-ethyhexyl) phthalate (DEHP), causes 
testicular atrophy and inhibition of spermatogenesis via ROS 
production and zinc depletion, but the effects in humans are 
still in dispute [158—163]. Nonylphenol is a synthetic con- 
stituent of plastic that has oestrogen-like properties and is li- 
pophilic and is therefore capable of crossing cell membranes 
and concentrating in tissue. Nonylphenol is often found in 
cleaning chemicals, paints, pharmaceutical products, foods 
and in certain forms of packaging materials. Adult exposure 
to nonylphenol has been correlated to decreased sperm con- 
centration [91, 164]. 


Heavy Metals 


Studies show a direct correlation between heavy metal expo- 
sure and fertility implications such as impeded spermatogen- 
esis and decreased sperm concentration [165—168]. Lead and 
cadmium are two key metals of concern to male infertility. 
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Lead has been banned from most products by governmental 
legislation but was previously found in products such as lead 
paint and gasoline leading to occupational overexposure. 
Lead can also accumulate in fish and be ingested when eat- 
ing fish. Inorganic lead can disturb the oxidant—antioxidant 
balance and induce a state of oxidative stress. Lead inhib- 
its the delta amino levulanic acid synthase enzyme and thus 
promotes ROS synthesis and induces oxidative stress. Lead 
has also been associated with inhibited antioxidant enzyme 
activity through the impediment of superoxide dismutase, 
catalase and glutathione peroxidase activity [169-172]. 

Cadmium has been found to be directly connected to male 
fertility problems. Cadmium levels are higher in the seminal 
plasma and blood of infertile men than that of fertile men. 
Cadmium affects the male reproductive system in several 
ways. It directly inhibits sperm concentration due to its an- 
tisteroidogenic properties that lead to a lowered testosterone 
secretion. It directly impedes the function of Leydig cells 
and thus the testosterone levels. It has been found to have 
pro-oxidant properties and may mediate generation of free 
radicals and reduction in zinc levels, zinc being crucial to 
spermatogenesis. Finally, cadmium may disrupt inter-Sertoli 
cell tight junctions and thus disrupt the blood/testes barrier 
and consequently inhibit spermatogenesis. Chronic smoking 
has been associated with significantly increased cadmium 
levels [173-176]. 

Other metals such as zinc, copper, aluminium, mercury 
and vanadium are under scrutiny for their possible adverse 
effects on male fertility [177]. More research is of paramount 
importance, but there is sufficient evidence that heavy metal 
exposure is harmful to the male reproductive system. Metal 
workers and other men who are occupationally exposed or 
exposed through lifestyle choices that seek infertility treat- 
ment should have a full heavy metal assessment as part of 
their diagnosis and treatment course. 


Pharmacological Agents 


Since pharmacological agents have become more readily 
available on mainstream markets the human body has been 
bombarded by a whole range of pharmacological agents. 
These agents have often not been properly investigated as 
to their effects of long-term use on reproductive and other 
tissues. Drugs in long-term use whether prescription, rec- 
reational or muscle enhancing have been associated with 
possible adverse effects on the male reproductive system. 
Therapeutic drugs such as antibiotics and chemotherapy can 
impede the function of spermatogonia. Antibacterial drugs 
such as sulfa-drugs and tetracyclines can impair spermato- 
genesis and long-term use can lead to infertility. Studies have 
shown that men that ceased use of common chronic drugs 
such as allergy, epilepsy and bacterial infection treatment 
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drugs showed a 93 % improvement in semen profile. Drugs 
used to treat reproductive conditions such as androgenic alo- 
pecia and benign prostatic hyperplasia such as finasteride, 
impede spermatogenesis and further decrease sperm func- 
tion parameters. Such studies all state that the type of drug, 
dosage and duration of use are factors that contribute to the 
effect on the male reproductive system. All studies, however, 
conclude that such drugs affect the male reproductive capa- 
bilities [178-184]. 

Use of recreational drugs such as marijuana, cocaine and 
methamphetamine and their effect on the male reproductive 
status is still under investigation, but studies have shown a 
strong link between excessive recreational drug use and en- 
docrine disruption and thus many believe that more research 
is bound to prove adverse effects to male reproductive capa- 
bilities [185]. 

The use of anabolic steroids for athletic performance en- 
hancement or body enhancement has become very popular 
worldwide. Anabolic steroids can impede spermatogenesis 
by suppressing LH secretion and thus inhibiting testosterone 
production with possible oligozoospermic consequences. 
Hypogonadotropic hypogonadism is the main cause of im- 
paired spermatogenesis in people using anabolic steroids. 
These effects have however been found to be reversible after 
discontinuation in use of steroids for a couple of months 
[186-187]. 


Possible Treatment Solutions for Male 
Infertility Caused by Environmental Insults 


The treatment of unexplained male infertility does not allow 
for the protocol of standard clinical practice decision mak- 
ing. Such circumstances call for a specific scientific plan to 
identify and correct a known defect and the risk and treat- 
ment management [1]. There are two forms of UMI manage- 
ment that can be followed: expectant management and in- 
terventional management. Expectant management entails the 
regulation of environmental and lifestyle factors to such an 
extent as to better sperm function parameters and thus better 
chances for successful conception. Interventional manage- 
ment entails any form of assistance to conception whether 
invasive such as surgical or pharmacological via the use of 
oral medication. 

Expectant management is to be recommended if the 
woman is less than or between 28-30 years of age and the 
duration of unsuccessful infertility is less than 2-3 years 
[188]. Lifestyle factors that are addressed and managed are 
chemicals, smoking, nutrition, exercise and environmental 
pollution. 

The children of smokers are subject to a bombardment of 
tobacco combustion products causing an enormous develop- 
mental risk of genetic defects. The consequences may not be 
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apparent immediately at birth but can manifest later in life. It 
is therefore imperative that antismoking measures continue 
to be implemented; that prospective parents be strongly en- 
couraged to give up smoking and be supported in their ef- 
forts to do so. 

The amount of evidence on the known health benefits of 
regular exercise and balanced nutritious diets as well as the 
detrimental effect of obesity on the reproductive system is 
overwhelming. Fertility is decreased by being either over- 
weight or underweight. Studies have proved fertility treat- 
ment to be less successful in overweight women. More 
research into the effect of diet and exercise on fertility is 
needed. In the meanwhile people trying to conceive should 
be advised to exercise moderately and aim to have a BMI 
between 20 and 25 kg/m”. 

Environmental pollutants may have a negative effect on 
fertility and foetal development. People planning pregnancy 
should have a detailed history checkup and advisement on 
reducing their home, environment and occupational expo- 
sure to pollutants [189-190]. 

Interventional management which includes medication, 
surgery or assisted conception is justified in cases of unex- 
plained infertility of long duration and/or advanced maternal 
and paternal age. In recent times managements have been 
solely based on surgical treatments or antioxidant-based 
treatments. 

Spermatozoa are particularly vulnerable to oxidative 
stress not only because of their high polyunsaturated fatty 
acid content but also because of inherent deficiencies in their 
intracellular antioxidant enzyme protection and their limited 
capacity for DNA repair. Fortunately, the reproductive tract 
contains a powerful array of enzymatic and nonenzymatic 
antioxidant molecules in the epididymal and seminal plas- 
mas that act in coordinated manner to protect spermatozoa 
against a barrage of toxic oxygen metabolites [191]. The 
scavenger enzymes superoxide dismutase, catalase and glu- 
tathione peroxidase that are found in the seminal fluid are 
the primary defence mechanism against ROS. Studies found 
that impediment of these enzymes caused a state of oxidative 
stress that influences the incidence of miscarriage and birth 
defects in mated wild-type female mice, thus demonstrating 
the protection that these enzymes normally provide [192]. 

A decrease in levels of reduced glutathione (GSH) dur- 
ing sperm production has been correlated with disruptions 
in the membrane integrity of spermatozoa as a consequence 
of induced oxidative stress. Intracellular glutathione levels 
of spermatozoa are shown to be decreased in certain popula- 
tions of infertile men. Glutathione is not only vital to sperm 
antioxidant defences but is also essential for the formation of 
phospholipid hydroperoxide glutathione peroxidase—an en- 
zyme which forms an integral part of a structural protein in 
the mid-piece of mature spermatozoa. Deficiencies in either 
substance can lead to instability of the mid-piece resulting 
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in defective motility of the spermatozoa. Scavengers such as 
glutathione can be used to treat these cases as they can re- 
store the physiological constitution of polyunsaturated fatty 
acids in the cell membrane [193-199]. 

In general terms, antioxidants are compounds which scav- 
enge, suppress and dispose of ROS. Major antioxidants are 
vitamins A, E and C, beta-carotene and the trace mineral se- 
lenium. A number of nutritional therapies have been shown 
to improve sperm counts and sperm motility, including car- 
nitine, arginine, zinc and vitamin B,,. Folic acid and zinc 
supplements have, when used in combination, been shown 
to increase sperm counts in a placebo-controlled trial. Anti- 
oxidants, such as glutathione and coenzyme Q10, have also 
proven beneficial in treating male infertility [200—206]. Co- 
enzyme Q10 (CoQ10) is a component of the mitochondrial 
respiratory chain and plays a crucial role in energy metabo- 
lism. Furthermore, it is an important antioxidant associated 
with membranes and lipoproteins. It has long been known 
that CoQ10 biosynthesis is markedly active in testes and 
high levels of its reduced form QH2 (ubiquinol) are pres- 
ent in semen; this suggests a protective role as a scavenger 
in this biological system. There is evidence that sperm cells 
with reduced motility also have a significant reduction in 
the phospholipid pool as well as phosphatidylethanolamine 
and phosphatidylcholine content probably related to a reduc- 
tion in the antioxidant capacity of spermatozoa and semi- 
nal plasma. It has been demonstrated that reduced levels of 
CoQ10 in the seminal plasma and sperm cells of infertile 
men with idiopathic and varicocele were associated with 
asthenospermia. On the basis of these findings CoQ10 has 
been identified as one of the key compounds contributing to 
the total antioxidant buffer capacity of semen and loss of its 
function leads to an impairment of the system. Whether the 
exogenous administration of CoQ10 could lead to any modi- 
fication of its content in semen or to any benefit on sperm 
cell function still remains an interesting future research topic 
(201, 207-214]. 

Many plant-derived substances collectively termed “phy- 
tonutrients” or “phytochemicals” are becoming increasingly 
known for their antioxidant activity. Phenolic compounds 
such as flavonoids are ubiquitous within the plant kingdom: 
approximately 3000 flavonoid substances have been de- 
scribed. In plants, flavonoids serve as protectors against a 
wide variety of environmental stresses while in humans fla- 
vonoids appear to function as biological response modifiers. 
The broad therapeutic effects of flavonoids can be largely 
attributed to their antioxidant properties [204, 215]. 

Surgical treatment can be an effective approach in the 
treatment of male infertility of defective morphologic ori- 
gin such as obstructive azoospermia. Accurate identification 
of the cause of infertility and microsurgical approaches will 
often provide effective treatment with low morbidity rates. 
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Appropriate training in microsurgery and overall experience 
with surgical techniques will produce the most effective 
treatment of the infertile man. 


Shortcomings/Constraints of Current Research 
on UMI and Environmental Influences 


The diagnosis, evaluation and treatment recommendations 
for male infertility are normally based on a standard semen 
analysis even though diagnostic tools, tests and parameter 
guidelines are limited and vary between urologic societies, 
fertility clinics and the World Health Organization labora- 
tory manual for the processing of human semen editions 
[216-219]. The parameters for which guidelines are laid out 
(sperm concentration, motility and morphology) also vary 
between different ejaculates collected from the same indi- 
vidual. This variation in samples is attributed to sexual activ- 
ity and abstinence, function of accessory reproductive glands 
and environmental exposures and thus cannot be regarded as 
accurate and finitely representative of an individual’s fertil- 
ity profile. 

Analyses of the results of studies evaluating effects of 
environmental factors on the male reproductive system are 
limited in the sense that they are inconsistent in the use of 
biological analytical techniques, controlling for variance in 
factors and weakness of study design. Jn vivo studies done 
on animals may also prove to have limited applicability to 
human conditions such as gestation and lactation. Develop- 
mental periods in animals are much shorter than in humans. 
Treatment with a factor and the cessation and measurement 
of its effect is much easier in the controlled environment 
under which such experiments are conducted on animals 
than in the complex, uncontrolled and chaotic conditions 
under which humans live. Animals, as opposed to humans, 
vary much less between subjects in terms of their spermato- 
genesis profile. Humans are exposed to a mixture of environ- 
mental chemicals, toxins and other factors so that isolating 
and interpreting the effect of a single factor without interfer- 
ence by other parameters is near impossible [111, 219]. 

Diagnostics such as comprehensive history investigation, 
and molecular and genetic inquiry should be employed and 
should be complemented with an all-inclusive physical ex- 
amination before conclusions are drawn and treatment plans 
are based on fertility status. The use of the most recent up- 
dated World Health Organization (WHO) reference values in 
clinical practice will likely change the classification of infer- 
tility for many couples. Rapidly developing technology and 
constant change in seminal parameter baselines emphasize 
the need for clinicians to consider a much more diverse vari- 
ety of parameters than just sperm concentration and motility 
when assessing male subfertility. 
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Assisted reproductive technologies (ARTs) might be an 
interim solution to the problem of unexplained male infertil- 
ity—but as a technique it is not without its difficulties and 
shortcomings and refinement through research is required 
[1]. ART has allowed a large proportion of men experienc- 
ing fertility problems to procreate. As amazing as this tech- 
nology is, it is a mere treatment of the symptom and not of 
the actual causal problem and thus is counterproductive, in a 
sense, to understanding the causes, effects and possible treat- 
ments of male infertility. 


Conclusion 


Seminal quality has deteriorated rapidly in the past 50 years 
making it an increasingly prevalent and relevant issue to 
UMI. Researchers believe that the ever-changing environ- 
mental and lifestyle conditions to which the human body 
is exposed throughout an entire lifespan are of paramount 
importance in this occurrence. Modern day developments 
in industry and changes in lifestyle have led to a range of 
negative factors that the body and reproductive system have 
to cope with, such as exposure to chemicals and toxins, 
harmful environmental agents and adverse lifestyle factors. 
Environmental insults during the maternal, infancy and adult 
phases of human development can mediate mechanisms dis- 
turbing morphologic aspects, endocrine hormonal aspects 
or oxidative aspects of testicular tissue and can have severe 
and irreversible effects on spermatogenesis in a subject or 
its offspring. 

Ultimately UMI could be caused by any number or com- 
bination of effects such as morphologic, molecular and ge- 
netic defects. Nevertheless, as the prevalence of UMI has 
been rapidly increasing in recent times and environmental 
and lifestyle factors have been drastically changing in recent 
years, it is not an unwarranted assumption to conclude that 
environmental and lifestyle factors play at least some, if not 
a definitive, role in the development of UMI. 

Diagnoses, evaluations and treatment recommendations 
for male infertility and analyses of the results of studies eval- 
uating the effects of environmental factors on the male re- 
productive system are, however, not without their constraints 
and weaknesses. ART is not the beginning and end to male 
infertility. It is merely a backroad around the real issue. It is 
thus of cardinal importance that research be done on UMI 
and the effects of environmental exposure on the reproduc- 
tive system so that we may better our understanding of and 
eventually hope for solutions to the prevention and cure of 
this growing and topical problem. 
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Introduction 


Infertility is defined as a failure to conceive after an interval 
of approximately 12 months of regular and unprotected in- 
tercourse [1]. An estimated 4—17% of couples seek medical 
treatment to resolve their infertility, but it is generally ac- 
cepted that there are more cases unreported [2]. Therefore, 
infertility remains both prevalent and problematic among 
couples worldwide [3]. 

Unexplained infertility (UI) is said to be unexplained 
when a couple fails to conceive after 12 months of regu- 
lar and unprotected intercourse and in the absence of any 
identified abnormalities with an incidence of approximately 
15-30% [1, 4, 5]. This incidence may vary depending on 
the population studied and the criteria used to make the di- 
agnosis. UI has no identified pathophysiologic basis and, as 
such, is a diagnosis of exclusion that should be made after a 
thorough but time-efficient investigation of the couple is per- 
formed, [6] including a semen analysis, assessment of ovu- 
lation, evaluation of tubal patency by hysterosalpingogram 
(HSG), or laparoscopy (LPS) [7] and, if indicated, tests for 
ovarian reserve. 

UI may be a multifactorial disorder of reproduction [8] 
and if so, it is unlikely that all the etiologies involved could 
be diagnosed even after a meticulous evaluation [9], with 
many suspected etiologies without definitive diagnostic 
methods or criteria. However, significant improvements in 
diagnostic tools and assisted reproductive technology (ART) 
treatments have led to the finding of many causes of infertil- 
ity that in the past have only been suspected, but now are 
well known. Poor embryo development and quality may be 
identified in the ART lab or if further testing is performed, 
chromosomal aneuploidies may be revealed by preimplanta- 
tion genetic screening (PGS). 
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On these grounds, the validity of the term “unexplained 
infertility” has been doubted by some authors and they pro- 
pose to substitute the term “unexplained” with “undiag- 
nosed” [10], since UI seems to be sensitive to the number 
and quality of the tests performed. Indeed, data from a study 
by Taylor and Collins showed that the percentage of couple 
with UI decreases as the number of diagnostic tests increas- 
es, from 22% in studies published prior to 1960 to 14% in 
studies published after 1980 [11]. Additionally, the differ- 
ence in diagnosis may be related to the duration of infertility 
prior to seeking treatment (which may have been longer in 
the earlier studies as there was little intervention possible), 
and just on the number of diagnostic tests used. 

Nonetheless, despite improvements in the diagnosis and 
treatment of reproductive disorders, at the present time many 
couples still have no explanation for their infertility [12], as 
posed by Southam in 1960 [13]. 

UI should not be regarded as a permanent condition but 
rather a relative incapacity to conceive, and as such, it would 
be better considered as subfertility [1], since time may lead 
these couples to achieve pregnancy without treatment. In 
fact, it has been estimated that approximately 40-60% of 
couples with UI will spontaneously conceive within 3 years 
[14], with the duration of infertility and the age of the female 
partner being the most important prognostic factors [15]. 
Furthermore, the outcomes of ART treatment for idiopathic 
infertility are promising [6—8, 16]. 


Possible Etiologies of UI in Females 


As far as is known and after a thorough evaluation, the eti- 
ologies below appear to be potential causes of UI. These 
include ovarian, tuboperitoneal, uterine, and embryonic 
factors (Fig. 13.1). 
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Fig. 13.1 Possible etiologies of UI in females: abnormal ovarian folliculogenesis, ovulatory dysfunction, tuboperitoneal disorders, impaired 
fertilization, abnormal embryo development, abnormal endometrial receptivity, and altered sperm transport due to impaired uterine peristalsis 


Abnormal Ovarian Folliculogenesis 


UI can occur, even in the presence of regular menstrual cy- 
cles, as a result of diminished ovarian reserve, defined as a 
reduced quantity and quality of the remaining population of 
primordial follicles within the ovary than would be expected 
for a given chronological age. Even though chronological 
age is the most important determinant of ovarian reserve, 
evidence has shown great variability in the rate of ovarian 
ageing [17]. Therefore, women with prematurely ageing 
ovaries (PAO) [18] may be mistakenly diagnosed with UI, 
since nobody would expect such fertility decline be based on 
their age alone. 

In this setting, female fertility loss may be assessed by 
tests of ovarian reserve, such as day 3 serum follicle stimu- 
lating hormone (FSH), anti-Millerian hormone (AMH) lev- 
els, and antral follicle count (AFC) [19]. FSH and AMH do 
not measure the same ovarian reserve parameters. Indeed, 
FSH is mostly representative of the last 2 weeks of follicular 
maturation when follicles come to be gonadotropin-sensitive 
[20], while AMH, exclusively produced by the granulosa 
cells of early antral and preantral follicles, mainly reflects 
the earlier stages of folliculogenesis [21, 22, 23]. AFC, vi- 
sualized by transvaginal ultrasound, is considered the best 
predictor of ovarian response to stimulation [24], since it 


correlates with the number of oocytes retrieved and ART 
outcomes in terms of ongoing pregnancy [25, 26]. 

In this context, ovarian reserve testing and genetic screen- 
ing could be of great importance, especially in women <35 
years old, to reveal cytogenetic abnormalities, as in the case 
of the Fragile X syndrome (FXS), that is caused by an in- 
creased number of trinucleotide (CGG) repeats on the fragile 
X (FMR1) gene and linked to premature ovarian failure [27]. 

Such genetic and ovarian reserve screening may help 
women potentially have some knowledge about the duration 
of their own reproductive window and help clinicians coun- 
sel patients and direct them to an appropriate treatment op- 
tion, which in some cases may include gamete donation [19]. 


Ovulatory Dysfunction 


Several abnormalities of ovulation can occur at the gonadal 
level, such as rupture of the follicle without release of the oo- 
cyte, maturation of an empty follicle that does not contain an 
oocyte, ovulation with inadequate luteinization, incomplete 
maturation of a follicle resulting in atresia, and finally lutein- 
ization of a follicle, under the action of luteinizing hormone 
(LH), without its rupture and with entrapment of the oocyte, 
which is also called the luteinized unruptured follicle (LUF) 
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syndrome [28]. This ovulatory dysfunction is considered as a 
potential cause of female UI [29, 30] and has been linked to 
endometriosis and pelvic adhesions [31]. Many publications 
have appeared since 1978 to describe this syndrome, but the 
exact mechanism by which the ovulatory follicle fails to rup- 
ture is not clearly known. Different mechanisms have been 
suggested for this syndrome, such as a chronic follicular 
inflammatory-like reaction involving inhibition of synthesis 
of prostaglandins [32], luteal phase defect [33] or a primary 
granulosa cell defect [34]. 

LUF is characterized by normal endocrine signs of ovula- 
tion, such as secretory endometrium, normal production of 
progesterone, and duration of the luteal phase [20], and is 
usually diagnosed by ultrasound demonstration of a follicle 
that does not change in size or consistency after ovulation 
should have occurred [35]. LUF has been demonstrated in 
both spontaneous and stimulated cycles [36] and it is esti- 
mated to be present in 6-12% of cases of female subfer- 
tility and in 20-25% of cases when ovarian stimulation is 
used [37], but the incidence varies depending on the methods 
of diagnosis such as LPS or ultrasound or steroid hormone 
concentrations in peritoneal fluid [38]. Qublan et al. found 
the recurrence rate of LUF increased from 25% in the first 
cycle of intrauterine insemination (IU) to 78 and 90% in the 
second and third cycle, respectively [25]. These data are con- 
sistent with those reported by others [23-26], but in contrast 
to previous studies in which LUF was associated with no 
recurrence rate in subsequent cycles [39, 40]. 


Tuboperitoneal Disorders 


It has been shown that mild endometriosis can affect normal 
tubal function, as well as other reproductive processes and 
since this diagnosis is clinically frequently missed, it may 
represent a possible etiology of UI. For this reason, diagnos- 
tic LPS could be considered as an integral part of the evalu- 
ation, and the role of tubal function, not just patency should 
not be underestimated [41]. 

The prevalence of endometriosis among women who un- 
derwent LPS for an infertility evaluation has been reported 
to be in the range of 10 [10]-50% [42]. Even if performed 
by experienced laparoscopists, the diagnosis of subtle endo- 
metriosis can be hard to make because the disease is often 
microscopic and presents with atypical lesions [43, 44], and 
as such may be underdiagnosed. 

Evidence shows that endometriosis may also affect IVF 
outcomes [45, 46] interfering with many aspects of the pro- 
cess, including follicular development, oocyte retrieval, 
fertilization and embryo development [47, 48], distortion 
of adnexal anatomy and creating an adverse peritoneal envi- 
ronment characterized by increased inflammatory cytokines, 
oxidative stress [22, 49, 50, 51], and augmented number of 
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peritoneal fluid macrophages [52—54]. If endometriosis does 
so in vitro, it can be expected to have similar effects in vivo 
leading to impaired conception [5]. Studies have demonstrat- 
ed that, even in mild cases of endometriosis, pregnancy out- 
comes may have been affected by subtle tubal abnormalities 
[55, 56], thus reflecting microscopic endometriosis in the 
fallopian tubes, which can never be totally excluded, even by 
LPS [19-20]. Furthermore, data on patients undergoing LPS 
for infertility indicate that of those who have no macroscopic 
endometriosis at LPS, at least 6% have microscopic lesions 
[57, 58] and thus confirms how this diagnosis, especially in 
patients with infertility may be underestimated [59]. 

The fallopian tubes play an important role in sperm trans- 
port, oocyte capture and transport, fertilization, and early 
embryo development [60]. Abnormalities in any one of these 
functions cause defective transport of the oocyte and im- 
paired fertilization, through alterations in tubal peristaltic or 
ciliary activity [61], which may affect one or both fallopian 
tubes. 

Tubal function can be abnormal despite documentation of 
tubal patency [62, 63], but HSG has limited value in evalu- 
ating tubal function and peritubal disease [64, 65] and may 
be less accurate in detecting tubal disease than LPS [66, 
67]. Moreover, a study performed in an infertile population 
showed that HSG missed at least one tubal abnormality in 
84% of the cases [68]. Despite all these limitations, HSG 
represents the first line tool to evaluate tubal status, because 
of its safety and low cost. LPS remains the gold standard for 
the evaluation of mechanical factors affecting the fallopian 
tubes, but it can miss proximal disease [65] and cannot be 
used to directly observe the ampulla, where the fertilization 
between oocyte and sperm occurs. This may be explored by 
salpingoscopy. Some researchers think that salpingoscopy 
could be informative in patients with UI, since it can identify 
nonobstructive tubal diseases such as fibrosis, adhesions, de- 
bris, and foreign bodies [69]. 

Furthermore, the impact of chlamydial infection in the 
etiology of tubal pathology secondary to salpingitis [70-72] 
on female fertility is well documented. Although neither 
HSG or LPS may identify tubal pathology secondary to chla- 
mydial infections in the absence of overt occlusion or perit- 
ubal adhesions, subfertile women with a positive Chlamydia 
trachomatis antibody have lower chances for pregnancy than 
seronegative women [73]. This evidence confirms the valid- 
ity of assessment for chlamydial serology in women under 
fertility investigation [74, 75]. 


Impaired Fertilization 
A decrease in fertilization has been documented in IVF cy- 


cles performed in couple with UI, suggesting gamete defects 
as potential causes of UI. 
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Absence of fertilization has been shown in a prospective 
study from Ruiz et al. [76], in couples with UI and mild endo- 
metriosis undergoing IVF/ICSI after four failed intrauterine 
insemination cycles. It has been found that 11.4% of these 
couples suffered fertilization failure with standard IVF, and 
if ICSI would not have been employed, they might have had 
no embryos available for transfer. In this study, ICSI did not 
increase fertilization rates over standard IVF in case of UI, 
but avoided complete fertilization failure in those patients. 

Alboughar et al. [77] reached similar conclusions with 
regards to gamete dysfunction in couples with UI, in which 
the rate of fertilization failure was 22.7%, very similar to 
those observed in other studies in couples with UI [78, 79]. 


Abnormal Embryo Development 


The use of assisted reproductive techniques has been im- 
portant not only for therapeutic reasons, but also because it 
helps to understand the complex process that leads to con- 
ception in a given couple. Indeed, it is noteworthy that there 
is a high incidence of chromosomal abnormalities in human 
embryos cultured in vitro [80] and that many repetitive im- 
plantation failure (RIF) cases are due to embryonic defects, 
including chromosomal aneuploidy, which increase with 
maternal age [81] and with the number of previous failed 
IVF cycles [82, 83]. Different therapeutic options have been 
proposed to improve the outcome of these patients, includ- 
ing assisted zona hatching [84] and coculturing embryos to 
the blastocyst stage [85]. However, other studies have found 
dramatic declines in implantation and pregnancy rates using 
blastocyst culture in RIF patients due to the limited develop- 
ment of these embryos in extended culture [86]. 

In a randomized controlled trial of infertile couples with 
RIF and prior transfers of good-quality embryos, Rubio et al. 
reported a trend towards an increased incidence of genetic 
abnormalities in embryos from these couples and an im- 
provement in live-birth rates per transfer by selection of the 
healthiest embryos with PGS, highlighting the mechanisms 
of action by which chromosomal abnormalities can have an 
impact on UI. 


Abnormal Endometrial Receptivity 


An altered endometrial receptivity may interfere with appo- 
sition, adhesion, or penetration of the embryo and results in 
a failed implantation [87]. 

Since the 1950s, traditional histologic evaluation of the 
endometrium performed by pathologists, has been used as a 
predictor of endometrial receptivity [88, 89], the clinical rel- 
evance and reproducibility of which has been questioned in 
randomized studies [90, 91]. The development of microarray 
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technology [92] helped to analyze the expression of thou- 
sands of genes at the same time in an endometrial sample 
of development in the peri-implantation period. On those 
grounds, and consistent with the findings that endometrial 
receptivity may be related to its transcriptomic profile, mo- 
lecular assessment of endometrial receptivity has been de- 
veloped [93, 94], a molecular diagnostic tool that contains 
238 expressed genes coupled to a computational predictor, 
which is able to identify endometrial samples within the win- 
dow of implantation, independent of their histological ap- 
pearance. The endometrial receptivity array (ERA) test may 
help to identify patients with implantation failure caused by a 
nonreceptive endometrium, improving the ability to control 
the endometrial environment for implantation. Moreover, 
an endometrial database (EDB) (http://www.endometrialda- 
tabase.com) has been created to facilitate the exchange of 
information on the genomics of endometrial receptivity, for 
the improvement of knowledge in this field worldwide [95]. 

UI may reflect a malfunction of the endometrial-embryo 
“dialogue” in the early phases of implantation that leads to 
early pregnancy loss (EPL), or biochemical pregnancy (BP) 
which could be erroneously interpreted as a failure to con- 
ceive. EPL or BP are defined as increases in beta-human cho- 
rionic gonadotropin (B-hCG) at the end of the luteal phase 
due to embryonic implantation that does not result in a clini- 
cal pregnancy. The development of sensitive immunoassays 
for the detection of urinary B-hCG has allowed for detection 
of a pregnancy within a few days of embryo implantation, 
which shows high rates of BP in spontaneous conception 
[96]. Moreover, data from patients who have undergone ART 
and PGS show that many preclinical implantation failures are 
due to chromosomal alterations and are found in high rates in 
natural (25%) [97] and ART conceptions (40%) [98]. Chro- 
mosomal aberrations are probably not the only cause of EPL. 
Indeed, an altered endometrial receptivity due to environ- 
mental factors, such as age and excessive ovarian stimulation 
in IVF cycles, may also play an important role in the etiolo- 
gies of this disorder, as shown by Troncoso et al. [99]. 


Altered Sperm Transport due to Impaired Uterine 
Peristalsis 


There is clear evidence that sperm transport through the fe- 
male genital tract from the cervix into the tubes, assisted by 
cervico-fundal uterine peristaltic contractions [100, 101], is 
altered in patients with UI and endometriosis which results 
in impaired uterine contractility, documented by hysterosal- 
pingoscintigraphy (HSSG) [102]. Data have shown that en- 
dometriosis is associated with uterine hyperperistalsis and 
dysperistalsis, which may cause impaired or total failure in 
sperm transport capacity respectively, especially when dif- 
fuse adenomyosis is also detected [103]. Dysperistalsis is 
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associated with reduced natural conception rates [104, 105] 
and consequently IVF/ICSI may be required even in couples 
with otherwise patent fallopian tubes and normal semen pa- 
rameters. 


Conclusions 


Infertility is unexplained after thorough evaluation in about 
15-30% of cases and constitutes a multifactorial disorder of 
reproduction, as discussed in this chapter. Many potential 
etiologies of UI have been proposed here, including ovarian 
factors, fertilization failure, failure of the embryo to develop, 
failure of implantation and impaired or total failure in oocyte 
and sperm transport due to altered tubal and uterine function. 

Increasingly, complex ART options have led to the find- 
ing of many causes of infertility that in the past have only 
been suspected, but can now be diagnosed, as in the case of 
chromosomal aneuploidies identified with PGS. However, 
multiple potential etiologies of UI could coexist with identi- 
fied causes for infertility and therefore many couples with 
identified factors may fail to conceive despite receiving ap- 
propriate treatment for the identified causes. It is, therefore, 
imperative to perform a complete and thorough evaluation 
of the infertile couple, including evaluation for these subtle 
etiologies, even in couples whose infertility evaluation has 
revealed a potential etiology. 
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Introduction 


Unexplained infertility is one of the controversial subjects 
in infertility on which agreement is rarely found among 
practitioners. It is a term used to define 30-40% of couples 
in whom standard investigations including semen analysis, 
tests of ovulation and tubal patency have failed to detect any 
gross abnormality [1]. Couples with unexplained infertil- 
ity suffer from both diminished and delayed fecundity. The 
possible underlying etiologies are defective endometrial re- 
ceptivity, impaired oocyte quality, premature ovarian failure, 
minimal and mild endometriosis, tubal disease, pelvic adhe- 
sions, immunological and endocrinological abnormalities, 
and oxidative stress [2]. 

A couple is referred for infertility investigation if they 
are not able to conceive within a year. The diagnosis of un- 
explained infertility may be frustrating because if there is 
no explanation for infertility, there is no effective treatment. 
The prognosis is worse if the duration of infertility exceeds 3 
years and female partner is >35 years of age [3]. Treatment 
has been indicated if the duration is more than 2 years or the 
female partner is >35 years [3, 4] of age. 

Oxidative stress has been known to play a key role in the 
pathogenesis of subfertility in both males and females [5]. 
The adverse effects of oxidative stress on sperm quality and 
functions have been studied in detail [6]. Although it has 
been associated with female reproductive disorders such as 
endometriosis and polycystic ovarian syndrome (PCOS), the 
impact of oxidative stress on unexplained female infertility 
has not been adequately studied. The aim of the review is 
to investigate the possible relationship between underlying 
mechanisms that may be associated with unexplained infer- 
tility and oxidative stress by using the currently available 
literature. 
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What Is Oxidative Stress? 


Biological systems contain an abundant amount of O, Free 
radicals are often generated from O, and partially from nor- 
mal metabolic processes in the body. They are unstable and 
highly reactive due to unpaired electrons that are capable of 
initiating an uncontrolled cascade of chain reactions, result- 
ing in cellular damage and disease [7]. There are two major 
types of free radical species: reactive oxygen species (ROS) 
and reactive nitrogen species (RNS).The three major types 
of ROS are superoxide (O, ), which are formed when elec- 
trons leak from the electron transport chain; hydrogen per- 
oxide (H,O,), resulting from the dismutation of superoxide 
or directly from the action of oxidase enzymes, and hydroxyl 
(HO®), a highly reactive species that can modify purines and 
pyrimidines and cause strand breaks that result in DNA dam- 
age. 

The controlled production of ROS plays a role in the 
production of physiological reproductive processes such 
as hormone signaling, oocyte maturation, folliculogenesis, 
tubal function, ovarian steroidogenesis, cyclical endometrial 
changes, and germ cell function. Oxidative stress occurs 
when ROS overwhelm antioxidant capacity. ROS exten- 
sively damage cellular organelles, including mitochondria, 
nuclear and mitochondrial DNA, and cell membrane, lead- 
ing to cellular demise [8, 9]. ROS may also impact signaling 
pathways, transcription factors, and epigenetic mechanisms 
and cause a reduction in oocyte, embryo quality and implan- 
tation [6, 10]. 

Energy from adenine triphosphate (ATP) is essential for 
gamete functions and any disturbance in mitochondrial func- 
tions can lead to altered generation of ATP. Mitochondria are 
major sites of ROS production and increased generation of 
ROS can affect functions of the mitochondria in oocytes and 
embryos. 

RNS include nitric oxide (NO) and nitrogen dioxide as 
well as nonreactive species such as peroxynitrite, nitrosa- 
mines, and others. NO, an important RNS that is present in 
the body, is specifically synthesized by nitric oxide synthase 
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(NOS) during the conversion of L-arginine to L-citrulline. 
Excess NO is toxic and has an unpaired electron, making 
it a highly reactive free radical that can damage proteins, 
carbohydrates, nucleotides, and lipids. It contributes to cell 
and tissue damage, low grade, sterile inflammation, and ad- 
hesions with other inflammatory mediators [11]. NOS have 
been known to generate H,O,, superoxide, and NO. Super- 
oxide reacts with NO, resulting in increased generation of 
peroxynitrite and cell toxicity. The effects of NO are pro- 
posed to be mediated through cyclic guanosine monophos- 
phate (cGMP) as a second messenger or by generation of 
ROS resulting from interaction of NO with superoxide radi- 
cals [12]. 

Intracellular hemostasis is maintained by a balance be- 
tween pro-oxidant compounds and antioxidants. Antioxi- 
dants have the ability to oppose the effects of pro-oxidants by 
hindering ROS production, scavenging ROS, and repairing 
cell damage caused by ROS. Enzymatic antioxidants include 
superoxide dismutase, catalase, and glutathione peroxidase. 
Nonenzymatic antioxidants are vitamins C and E, taurine, 
hypotaurine, cysteamine, and glutathione. Some agents such 
as lycopene, metallothionein, and bilirubin also have anti- 
oxidant properties. 

Antioxidants can be found in various cell compartments. 
For example, Mn—SOD is localized in the mitochondria, 
whereas Cu-Zn—SOD is mainly localized in the cytoplasm. 
Enzymatic antioxidant defenses have been found in mam- 
malian embryos and oocytes [13, 14], and nonenzymatic 
defenses in tubal [14] and follicular fluids [15]. Increased 
levels of antioxidants have been shown in normal pregnancy 
[16, 17], whereas loss of antioxidant defenses have been ob- 
served in patients with recurrent abortion as a result of their 
increased consumption [18, 19]. The lower antioxidant levels 
could aggravate pro-oxidant injury in endothelial cells, alter- 
ing prostacyclin-thromboxane balance and may contribute 
to preeclampsia or abortion [20]. Glutathione peroxidase ex- 
pression was increased and selenium levels were reduced in 
patients with diabetes and spontaneous abortion [16]. 


Redox Cell Signaling 


Redox reactions can be defined as oxidation or reduction of 

oocyte and embryo metabolism by electron transfer mecha- 

nisms [6]. Oocytes are protected from oxidative damage by 
antioxidants such as catalase, SOD, glutathione transferase, 

paraoxanase, and heat shock proteins [21]. 

The deleterious effects of ROS are summarized as fol- 
lows: 

1. Opening of ion channels: Elevated levels of ROS release 
Ca*? from endoplasmic reticulum resulting in mitochon- 
drial permeability, so the mitochondrial membrane poten- 
tial becomes unstable and ATP production ceases. 
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2. Lipid peroxidation: It occurs in polyunsaturated fatty acid 
side chains. These chains react with O, creating the per- 
oxyl radical, which can obtain H* from another fatty acid, 
creating a continuous reaction. Vitamin E can break this 
chain reaction due to its lipid solubility and hydrophobic 
tail. 

3. Protein modifications: Amino acids are targets for oxida- 
tive damage. Direct oxidation of side chains can lead to 
the formation of carbonyl groups. 


4. DNA oxidation: Mitochondrial DNA is susceptible to 
ROS due to the presence of O, in the electron transport 
chain, lack of histone protection, and absence of repair 
mechanisms. 

ROS may react with other molecules to disrupt many cellular 

components and processes. ROS target the pathway and also 

act as second messengers in some reactions [22]. ROS are 

known to effect ovulation and implantation [23]. 

Nuclear factor-kappa B (NF-KB) is a transcription fac- 
tor that plays a crucial role in inflammation, immunity, cell 
adhesion, invasion, cellular proliferation, apoptosis and an- 
giogenesis [24]. Oxidative stress is known to be a potent ac- 
tivator of NF-KB [24]. Induced NF-KB activation then leads 
to expression of numerous proinflammatory genes such as 
cytokines, which may provide positive feedback to the path- 
way [25]. 

One of the most signaling pathways in the body is mi- 
togen-activated protein kinases (MAPK). MAPK pathways 
are important in gene transcription mechanisms in response 
to oxidative stress. Their signaling cascades are controlled 
by phosphorylation and dephosphorylation of serine and/ 
or threonine residues. It contributes to increased actions of 
receptors of tyrosine kinases, protein tyrosine kinases, cyto- 
kines, and growth factors [26, 27]. c-jun N-terminal kinases 
(JNK) and p38 pathways can also be activated by ROS. The 
addition of H,O, to this cascade can disrupt the complex and 
promote phosphorylation [28, 29]. 


Oxidative Stress and the Ovary 


ROS are a double-edged sword; they not only serve as key 
signal molecules in physiological processes but also have a 
role in pathological situations involving female reproduc- 
tive tract. Oxidative stress is important in ovarian germ cell 
and stromal cell physiology. A cohort of oocytes begins to 
grow and develop in the ovary each month. Hypoxia of the 
granulosa cells is a normal event during the growth of ovar- 
ian follicles [30]. Hypoxic or anoxic conditions reduce ROS 
and increase antioxidant activity [31]. Oxygen deprivation 
stimulates follicular angiogenesis, which is important for 
growth and development of the ovarian follicle. Impairment 
of angiogenesis within ovarian follicles contributes to follic- 
ular atresia. Meiosis I resumes in the dominant follicle that 
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is regulated by ROS. Antioxidants positively affect dominant 
follicle selection [32]. 

It has been found that cyclical ROS production and di- 
minished antioxidant activity may contribute to oophoritis 
associated with autoimmune premature ovarian failure [33]. 

Meiosis II is promoted by antioxidants [33]. Granulosa 
and luteal cells respond negatively to ROS and affect MII 
progression, leading to diminished gonadotropin, and antiste- 
riodogenic actions, DNA damage, and inhibited ATP progres- 
sion in both humans and rats [33]. Glutathione, an antioxidant 
has been identified as critical for oocyte maturation, particu- 
larly in cytoplasmic maturation required for preimplantation 
development and formation of male sperm pronucleus [34, 
35]. Beta carotene, another antioxidant, has been also recog- 
nized to enhance cytoplasmic maturation [36]. 

The steroid production in the leading follicle causes an 
increase in P450. Overexposure of the ovary to H,O, causes 
the LH receptor to uncouple from adenylate cyclase, impair- 
ing protein synthesis and cholesterol utilization by mito- 
chondrial P450 side chain cleavage, most likely because of 
impaired production of steroidogenic acute regulatory pro- 
tein (StAR) [33]. StAR is responsible for moving cholesterol 
to the inner mitochondrial membrane where P450,,.,. converts 
cholesterol to pregnenolone [37]. Lecithin-cholesterol acyl- 
transferase (LCAT) plays an important role in cholesterol 
transport and follicular synthesis to estrogen. High follicular 
fluid LCAT is positively associated with ascorbate and alpha 
tocopherol accumulation and the presence of antioxidants in 
follicular fluid protect LCAT from oxidative damage and ste- 
roidogenesis [38]. 

Oxidative stress is important in ovulation [39]. LH surge 
is essential for ovulation that is triggered by oxidative stress 
[40]. Follicular ROS promote apoptosis and glutathione and 
FSH counterbalance its action. Estrogen increases in re- 
sponse to FSH, triggering the generation of catalase in the 
dominant follicle, thus avoiding apoptosis [33]. 

Corpus luteum is produced after ovulation and ROS are 
also produced in the corpus luteum. Cu, Zn-SOD decreases 
and ROS increases during the regression of corpus luteum. 
This activity parallels the change in progesterone levels. 
Complete disruption of the corpus luteum causes a substan- 
tial decrease of Mn-SOD in the regressed cell and cell death 
is imminent [40]. Cu, Zn-SOD is related to progesterone 
production and Mn-SOD protects luteal cells from oxidative 
stress [33].There are also some other oxidative stress markers 
such as superoxide dismutase, Cu-Zn superoxide dismutase, 
Mn superoxide dismutase, glutathione peroxidase, y glutamyl 
synthetase, and lipid peroxides ovarian physiology [41—43]. 

Glutathione concentrations are higher in mature, meta- 
phase hamster and mouse oocytes [44]. Antioxidants aid in 
meiotic spindle formation in mature MII oocytes [44]. Ex- 
posure to oxidative stress before fertilization disrupts the 
meiotic spindle and increases the risk of abnormal zygote 
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formation. If there is an adequate antioxidant defense, O.— 
does not affect gamete fusion [45]. 


Oxidative Stress and Oocyte and Embryo 
Quality 


Oxidative stress was increased in repeated ovarian stimula- 
tion that leads to mitochondrial DNA mutation and decreased 
oocyte quality [46]. Lipid peroxides and 8-hydroxydeoxygua- 
nine, a marker of DNA damage, were increased between the 
first and sixth cycles [46]. It has been suggested that timing 
antioxidant administration may have an effect on the number 
and quality of ovulated oocytes as assessed by morphologi- 
cal appearance and chromosomal distribution in female mice 
[47, 48]. Animals receiving antioxidant supplements showed 
an increased number of normal MII oocytes compared with 
the control group and decreased percentage of apoptotic oo- 
cytes [48]. Low intrafollicular oxygenation has been associ- 
ated with decreased oocyte developmental potential as shown 
by increasing frequency of oocyte cytoplasmic defects, al- 
terations in spindle morphology, impaired cleavage, and ab- 
normal chromosomal segregation in oocytes [49]. It has been 
reported that high ROS follicular fluid concentrations were 
correlated with poor oocyte quality and diminished embryo 
quality [50]. High concentrations of follicular ROS are asso- 
ciated with compromised IVF outcomes [51, 52]. Moreover, 
selenium-dependent glutathione peroxidase activity and total 
antioxidant capacity (TAC) in follicular fluid were positively 
associated with fertilization rates [53, 54]. 

Oxidative stress is also associated with decreased embryo 
quality, increased embryo fragmentation, resulting from 
increasing apoptosis [55]. Melatonin, another antioxidant, 
has positive effects on oocyte quality and embryo devel- 
opment [56]. High levels of ROS may impair intracellular 
milieu and lead to disturbed metabolism [15, 57]. Oxidative 
stress-mediated damage of macromolecules plays a role in 
fetal embryopathies. Folate deficiency may lead to elevated 
homocysteine levels. Homocysteine was negatively associ- 
ated with embryo quality on culture day 3 [58] and homo- 
cysteine-induced oxidative stress may cause some fetal ab- 
normalities such as neural tube defects and cleft palate [59]. 
Higher day 1 ROS levels in culture media were associated 
with delayed embryonic development, high fragmentation, 
and development of morphologically abnormal blastocysts 
after prolonged culture. A significant correlation was report- 
ed between elevated ROS levels in day 1 culture media and 
lower fertilization rates in patients undergoing intracytoplas- 
mic sperm injection (ICSI) [60]. Lower ROS levels were as- 
sociated with higher fertilization rates, indicating the physi- 
ological relevance of low levels of ROS. Clinical pregnancy 
rates were also higher when antioxidant supplements were 
added to culture media [61]. 
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Oxidative Stress and Aging Oocyte 


ROS increase with age that may contribute to follicular atre- 
sia and decline in the number and quality of oocytes [62, 63]. 
It has been reported that prolonged exposure of aged oocytes 
to ROS negatively affects calcium hemostasis and impairs 
Ca*? oscillation-dependent signaling and causes decline in 
oocyte developmental ability [64]. Oxidative stress dam- 
ages telomeres and accelerates telomere shortening [65, 66]. 
Telomere shortening and dysfunction may lead to defects in 
meiosis, fertilization, and embryo development [67]. In an- 
other study, it has been found that follicular fluid catalase 
and glutathione transferase were lower in older women com- 
pared with young ones [68]. Studies have demonstrated that 
N-acetyl-L-cysteine and vitamin E protect the ovary from 
aging [69, 70]. 


Oxidative Stress and Endometrium 


ROS are also found in endometrium. They are produced 
in stromal cells as byproducts of normal metabolism [71]. 
Intracellular sources of ROS are mitochondrial electron 
transport system, endoplasmic reticulum, nuclear membrane 
electron transport systems, and plasma membrane [71]. SOD 
is highly expressed in glandular epithelial cells and stromal 
cells in endometrium that plays an important role in regula- 
tion of endometrial function [72]. 

There is a close relationship between SOD, ROS, and 
PGF 2a in the regulation of menstruation. In human endome- 
trium, SOD activities decrease and ROS increase in late se- 
cretory phase, just before menstruation [72]. ROS trigger the 
release of PGF2a production and COX-2 mRNA expression 
and Cu, Zn-SOD activities decline by withdrawal of ovar- 
ian steroids in human endometrial cells [73]. The increases 
of PGF2a production and COX-2 mRNA expression were 
completely suppressed by N-acetyl-L-cysteine [74]. 

Withdrawal of ovarian steroids activates NF-KB via ROS 
which stimulate the COX-2 and PGF2«a in human endome- 
trial stromal cells [74]. NF-KB signaling pathway is pres- 
ent in human endometrium [74]. The gene promoter human 
COX-2 has a binding site for NF-KB and it has been reported 
that COX-2 expression is regulated by NF-KB [75, 76]. 

When implantation is successful and progesterone levels 
and Cu, Zn-SOD activities are high, ROS generation and 
PGF2«a production is suppressed. In early pregnancy, ROS 
are low and Cu, Zn-SOD activities are high in the decidua 
[72]. On the other hand when pregnancy does not occur, the 
decline of ovarian steroid levels induces the decrease in Cu, 
Zn-SOD expression in endometrial stromal cells which stim- 
ulate PGF 2a production by ROS. PGF2a causes endometrial 
shedding via vasoconstriction. 
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Decidualization of stromal cell is necessary for success- 
ful implantation. Cu, Zn-SOD, and Mn-SOD were found in 
decidualized stromal cells and in the endometrium of the 
patient [72]. Decidualization promotes production of many 
bioactive substances such as growth factors, cytokines, and 
adhesion molecules. This increase in metabolism stimulates 
generation of superoxide radicals in the mitochondria. An- 
tioxidants are crucial in eliminating superoxide radicals. 
Blockage of Mn-SOD induction causes oxidative stress- 
induced cell death in human endometrial stromal cells [77]. 
PGF2a were lower and Cu, Zn-SOD activities were higher 
in the decidua of normal pregnancies compared with failed 
pregnancies that are accompanied with uterine bleeding and 
contractions [78]. Cu, Zn-SOD may contribute to uterine 
quiescence by preventing the accumulation of ROS leading 
to PGF2a synthesis and uterine contraction. 


Oxidative Stress and Tubal Disease 


The diagnostic accuracy of hysterosalpingography (HSG) 
in defining normal tubal physiology and anatomy has been 
questioned [79]. Consensus stated that HSG is less accurate 
in detecting and evaluating tubal disease than laparoscopy 
[80, 81] and is especially poorly suited to assess distal tubal 
disease and peritubal disease [82, 83]. Routine HSG misses 
at least one anatomical or physiological tubal abnormality in 
84% of the cases [84]. Thus, undiagnosed tubal disease may 
be associated with unexplained infertility. 

The oviduct is the first site contact with the early embryo 
and has the potential to contribute important factors that af- 
fect fertility. Oviduct provides an optimal environment for 
gamete maturation, fertilization and early embryonic devel- 
opment. It is an active organ that maintains and modulates 
the fluidic milieu for sperm capacitation, fertilization, and 
early embryonic development [85-87]. The environmental 
and metabolic stimuli from the oviduct may have a signifi- 
cant effect on embryonic development. Some growth fac- 
tors such as insulin-like growth factor, vascular endothelial 
growth factor, and nitric oxide synthase have been identi- 
fied as important regulatory factors of oviductal motility and 
embryo transport [88—91]. NO plays a role as a mediator of 
PGF2a-induced contractility and is important for secretory 
functions in the oviduct [92]. It has been reported that Chla- 
mydia trachomatis induces an inflammatory response and 
leads to tubal epithelial destruction and functional impair- 
ment caused by high NO output mediated by inducible NOS 
(iNOS) [93]. Oxidative stress causes infection-induced im- 
mune reaction and inflammation-induced tissue lesions [94, 
95]. Heat shock proteins (HSPs) are stress proteins that are 
closely associated with oxidative stress and inflammation 
[96]. It has been suggested that HSP60 may be involved in 
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the pathogenesis of tubal factor infertility following C. tra- 
chomatis infection [97]. HSP 60 and 70 contribute to inflam- 
mation via anti-inflammatory cytokines such as IL-10 and 
IL-12 in the fallopian tube resulting in chronic salpingitis 
with tubal occlusion [98, 99]. 


Oxidative Stress and Pelvic Adhesions 


Adhesions may be one of the etiologic factors in unexplained 
infertility. Pelvic pathology was found during laparoscopy in 
83.4% patients with unexplained infertility in a study [100]. 
Adhesions were found in 48.4% of them [100]. Moreover, 
the sensitivity of HSG in detecting peritubal adhesions has 
been reported to be 34-75% [101]. Twenty-one percent of 
adnexal adhesions and pelvic endometriosis were identified 
during surgery in spite of normal HSG [102]. The prevalence 
of peritubal adhesions was suggested to range from 8.8 to 
29% [103, 104]. 

Adhesiogenesis is a complex interaction of cellular 
components involved in inflammation and wound repair. 
It has been reported that ROS are associated with adhesion 
formation [105]. Acute oxidative stress in the peritoneum 
subsequently induces mesothelial cell loss or dysfunction, 
peritoneal fibrosis, and intra-abdominal adhesion formation 
[106]. Accumulation of free radicals may result in more col- 
lagen synthesis through fibrogenic processes such as trans- 
forming growth factor beta (TGF-B) activation and lipid 
peroxidation [107]. A positive correlation between oxidative 
stress and the severity of peritoneal adhesions has been dem- 
onstrated [108]. It has been also known that endometriosis, 
another risk factor for pelvic adhesion, is closely associated 
with endometriosis [6]. 

It has been reported that antioxidants such as methylene 
blue, melatonin, vitamin E, and alpha lipoic acid were able 
to decrease peritoneal adhesions [108, 109]. Peritoneal TAC 
scavenges free radicals and protects peritoneal tissue from 
oxidative damage. Furthermore, antioxidants have been 
shown to increase tissue plasminogen activator gene expres- 
sion in endothelial cell cultures and to increase plasma fibri- 
nolytic activity in humans [110-112]. 


Oxidative Stress and Endometriosis 


Oxidative stress has been implicated in pathophysiology 
and progression of endometriosis [113—115]. There are sev- 
eral hypotheses that may explain the relationship between 
oxidative stress and endometriosis. Erythrocytes yield pro- 
inflammatory factors hemoglobin and heme, containing the 
redox generating iron molecule [116]. Oxidative stress pre- 
cipitates endometriosis and tissue growth may result from 
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iron, macrophages, and environmental contaminants such as 
polychlorinated biphenyls [117]. The peritoneal fluid of the 
patients have been found to contain high concentrations of 
malondialdehyde (MDA), proinflammatory cytokines (IL-6, 
TNF-alpha, and IL-beta), angiogenic factors (IL-8, VEGF), 
monocyte chemoattractant protein-1 [118] and oxidized LDL 
(ox-LDL) [119] and reduced levels of antioxidants such as 
total antioxidant capacity (TAC) and SOD [114, 120]. Pro- 
inflammatory and chemotactic cytokines play an important 
role in the recruitment and activation of phagocytic cells, 
which produce ROS and RNS [118]. 

Lipid peroxidation and oxidative stress have been demon- 
strated by increased levels of 8-iso-prostaglandin F2-alpha 
(8-iso-PGF2-alpha) [121, 122]. It has been reported that 
8-iso-PGF2-alpha in both urine and peritoneal fluid of pa- 
tients was significantly elevated [123]. 

Circulating levels of oxidative stress from other sources 
such as endometrium and ectopic endometrial implants may 
also contribute to the pathogenesis of endometriosis. In- 
creased lipid—protein modification that contributes to high 
lipid peroxide concentrations has been shown in the endo- 
metrium of the patients with endometriosis [114, 120]. Lipid 
peroxidation was present in macrophage-enriched areas of 
both the endometrium and endometriosis implants [124]. 
High levels of antioxidants inhibit the proliferation of endo- 
metrial stromal cells and moderate levels of oxidative stress 
promote endometrial stromal cell proliferation [125]. 

NO was also increased in peritoneal fluid and the endo- 
metrium of the women with endometriosis [12]. Elevated 
levels of NO, as generated by activated macrophages, can 
disrupt fertility in variable ways, including altering the 
composition of the peritoneal fluid environment that affects 
ovulation, gamete transport, sperm oocyte interaction, fer- 
tilization, and early embryonic development [12]. Increased 
NO and NOS expression may lead to endometrial receptiv- 
ity defects and hinder embryo implantation. Elevated levels 
of oxidative stress in oviductal fluid might have adverse ef- 
fects, impairing oocyte and spermatozoa viability, fertiliza- 
tion, and embryo transport in women with endometriosis 
[105]. Oxidative stress may lead to damage to sperm plasma 
and acrosomal membranes, impairs motility, and hinders the 
ability of spermatozoa to bind to and penetrate the oocyte. 
DNA damage as the result of oxidative stress may contrib- 
ute to failed fertilization, reduced embryo quality, failure of 
pregnancy and spontaneous abortion. 


Immunological Infertility and Oxidative Stress 
Many types of antibodies have been implicated in the patho- 


physiology of unexplained infertility. Antiovarian, antisper- 
matozoal, and anticardiolipin antibodies were demonstrated 
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in women with unexplained infertility [126, 127]. It has been 
reported that inadequate maternal immunosuppression might 
cause embryo rejection in that group [128]. The prevalence 
of celiac disease is also higher in these women compared 
with fertile women [129]. Elevated anti-C. trachomatis an- 
tibodies can be detected in more than 70% of women with 
tubal occlusion [130]. C. trachomatis has a direct cytotoxic 
effect on the mucosa of the fallopian tube, resulting in loss of 
microvilli [131]. Permanent tubal damage is predominantly 
a consequence of a host immune response to persistent or re- 
peated infection. Antiphospholipid antibodies are associated 
with thrombosis and infarction in the placenta. They inhibit 
the release of hCG from human placental explants, block in 
vitro trophoblast migration, invasion, and multinucleated cell 
formation, inhibit trophoblast cell adhesion molecules, and 
activate the complement on the trophoblast surface inducing 
an inflammatory response [132]. Antisperm and antiovarian 
antibodies may have an adverse effect on fertilization, early 
embryonic development, and implantation [132]. Between 
10 and 30% of women with premature ovarian failure have 
a concurrent autoimmune disease; the most commonly re- 
ported one is hypothyroidism. It also has a close relationship 
between myasthenia gravis, systemic lupus erythematosus, 
rheumatoid arthritis, and Crohn’s disease. 

It has been shown that anticardiolipin antibodies were 
positively correlated to plasma levels of F2-isoprostanes, 
sensitive markers of lipid peroxidation [133]. Paraoxonase-1 
(PON-1), an antioxidant, has been found to be reduced and 
inversely correlated with anticardiolipin antibodies and di- 
rectly with total antioxidant status [134]. Increased oxidative 
stress may be involved in early phases of antiphosholipid 
syndrome. There is also a close relationship between oxida- 
tive stress and autoimmune diseases [135]. MDA is increased 
and sulfhydryl groups were decreased in patients with sys- 
temic lupus erythematosus [136]. PON-1 activity and vita- 
min E was lower in patients with other autoimmune diseases 
such as psoriasis, vitiligo, and alopecia [135]. Oxidative 
stress is associated with autoimmune thyroid destruction and 
N-acetyl-L-cysteine reduces ROS and restores thyroid mor- 
phology [137]. 


Oxidative Stress and Endocrinological 
Abnormalities 


Five percent of women with unexplained infertility have 
elevated levels of FSH in the early follicular phase which 
suggests diminished ovarian reserve [138, 139]. FSH and 
LH abnormalities may reflect a dysfunction in the pituitary- 
ovarian axis [140]. Furthermore, serum estradiol levels in 
the follicular phase and the estradiol/progesterone ratio have 
been shown to be elevated in that group [138, 141]. An ab- 
sent midcycle elevation of prolactin has been demonstrat- 
ed in women with unexplained infertility [142]. The luteal 
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phase was impaired in 30% of women with the presence of 
shorter luteal phase or decreased peak serum estradiol [138, 
141]. Abnormal follicular LH pulse frequency or decreased 
midfollicular FSH level have been reported to induce an 
impaired luteal phase which may be related to functional 
imbalance in the hypothalamus [143]. Decreased inhibin-B 
and increased FSH concentrations may reflect a poor ovarian 
reserve [138, 144]. AMH and AMHRII polymorphisms were 
also associated with unexplained infertility [145]. 

Oxidative stress may have a close relationship with these 
endocrinologic abnormalities. It has been demonstrated that 
there is a positive association between oxidative stress and 
high FSH levels [146]. Exposure to supraphysiological lev- 
els of ROS is detrimental to oogonia [147]. ROS may con- 
tribute to mitochondrial dysfunction, low production of ATP 
due to impaired oxidative phosphorylation and impaired oo- 
genesis, low oocyte number, and result in increased FSH and 
LH levels. LH surge is maintained by the oxidant/antioxidant 
balance [40]. Antioxidants have a positive effect in domi- 
nant follicle selection and also modulate the daily rhythm 
of LH and prolactin secretion and excess ROS may have a 
detrimental effect on these actions [32, 148]. Serum lipoper- 
oxide levels were increased in women with luteal phase de- 
fects [149]. Antioxidants prevent luteal phase defects, they 
maintain progesterone production and protect corpus luteum 
against regression [33]. Another study demonstrated that el- 
evated serum levels of advanced glycosylated end products 
(AGEs), markers of oxidative stress, have been positively 
correlated with serum AMH levels that may be another etio- 
logic factor in unexplained infertility [150]. 


Oxidative Stress and Unexplained Infertility 


Oxidative stress has been implicated in the pathophysiol- 
ogy of the disease. Lipid peroxidation marker, MDA, was 
increased and TAC was decreased in the peritoneal fluid of 
women with unexplained infertility [151]. It has been hy- 
pothesized that peritoneal fluid diffuses into the fallopian 
tube where it may cause damage to sperm. 

Folate is a B9 vitamin that plays a role in amino acid me- 
tabolism, and the methylation of proteins, lipids, and nucleic 
acids. Acquired or hereditary folate deficiency results in ho- 
mocysteine accumulation. Polymorphisms in folate-metabo- 
lizing pathways of genes may be responsible for unexplained 
infertility in this group [152]. Hyperhomocysteinemia may 
activate apoptosis leading to follicular atresia [153]. Preg- 
nancy and implantation rates were lower and abortion rates 
were higher in women elevated homocysteine [154]. It dis- 
turbs the endometrium and contributes to poor oocyte qual- 
ity [152]. eNOS mRNA in the endometrium of the women 
with unexplained infertility was significantly higher com- 
pared with controls [155]. Its increased expression suggests 
the detrimental effect of NO in endometrial receptivity and 
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implantation [155]. Excess NO could impair implantation 
through several mechanisms. NO has been found to induce 
endometrial epithelial apoptosis [156, 157]. Increased eNOS 
expression at luminal surface could induce epithelial apop- 
tosis and implantation failure. The second mechanism is that 
NO may impair implantation through localized nitrosative 
stress. It is suggested that excess eNOS expression can cre- 
ate local oxidative stress which could impair implantation 
[11, 158]. 

Increased ROS in patients with unexplained infertility 
suggest reduced levels of antioxidants such as vitamin E and 
GSH would reduce ROS scavenging ability and prevent the 
neutralization of toxic ROS effects [159]; however, the use 
of antioxidants in women with unexplained infertility is un- 
clear. Studies are needed to explore the efficacy of antioxi- 
dant therapy in these patients. 


Conclusion 


Oxidative stress is an imbalance between ROS and antioxi- 
dants. There seems to be a close relationship between oxi- 
dative stress and the underlying etiologic factors that may 
contribute to unexplained infertility such as defective endo- 
metrial receptivity, impaired oocyte quality, premature ovar- 
ian failure, minimal and mild endometriosis, tubal disease, 
pelvic adhesions, and immunological and endocrinological 
abnormalities. Moreover, it has been demonstrated that ROS 
can also negatively affect ovulation, fertilization, implanta- 
tion, embryo quality, and pregnancy rates. Although oxida- 
tive stress may contribute to unexplained infertility, the role 
of antioxidant therapy in that group remains unclear. Further 
studies are needed to show the effectiveness of antioxidants 
in that group. 
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Introduction 


Information continues to emerge regarding the important 
roles played by environmental contaminants with respect to 
female reproductive health, and their impact on treatment 
outcomes associated with this condition [1]. Reproductive 
environmental health is steadily gaining global attention as 
study after study describe adverse effects of environmental 
exposures on human and mammalian reproduction [2, 3]. 
Unexplained female infertility, in particular, appears to have 
great relevance, as commonly recognized etiologies are ruled 
out by definition. Many environmental agents are known 
to display endocrine-disrupting potential, especially on re- 
productive tract development and function [4]. Humans are 
inconspicuously exposed through normal daily living activi- 
ties. Some agents bioaccumulate such as the polychlorinated 
biphenyls (PCBs) [5] and methyl mercury [6], while others 
are believed to have limited half-lives within humans, such 
as bisphenol A (BPA) [7]. The common thread between all of 
these agents is that human exposure is nearly ubiquitous [8]. 
In this chapter, we summarize the current understand- 
ing of the role that environmental contaminants may play 
in unexplained female infertility. More specifically, we ad- 
dress infertile populations comprising eumenorrheic women 
without a diagnosis of polycystic ovarian syndrome (PCOS) 
or endometriosis. While there are many classes of environ- 
mental contaminants for which investigators express con- 
cern with respect to reproductive toxicity, herein we focus on 
the effects of cigarette smoke, bisphenol A, polychlorinated 
biphenyls, polychlorinated diphenyl ethers, perfluorinated 
compounds, and selected toxic elements on mammalian ga- 
metogenesis and embryogenesis, as well as human clinical/ 
epidemiologic reproductive outcomes, including fertility 
therapy, and, where possible, biologic mechanisms regulating 
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these effects. There is broad literature detailing environmen- 
tal contamination and reproduction in nonmammalian ver- 
tebrates which are not necessarily included in this chapter 
but are available for review [9, 10]. Essentially, we aim to 
provide a better appreciation for the effects of various toxic 
substances on the health and well-being of the female gam- 
ete, the human oocyte, and by doing so shed some light on 
potential etiologies for unexplained female infertility. 


Exposure to Cigarette Smoke 


According to the World Bank, approximately 8% of women 
and 39% of men were identified as tobacco smokers in 2006 
[11]. The highest percentage of female cigarette smokers ex- 
isted in Europe and Central Asia although 19 and 25% of 
US women and men, respectively, reported active smoking. 
There are approximately 4000 chemical compounds identi- 
fied in cigarette smoke, many that are potentially hazardous 
to reproductive health [12]. Cigarette smoking has long been 
known to have negative effects on both oocytes and embryos 
[13]. Many epidemiologic studies have demonstrated a clear 
association between smoking and reduced fecundity [14, 
15]. The time to pregnancy (TTP), in which longer times are 
associated with compromised fecundity, is consistently de- 
layed in smokers compared to nonsmokers, among popula- 
tions conceiving unassisted and among those employing in 
vitro fertilization (IVF) [14, 16, 17]. Van Voorhis et al. found 
a 50% reduction in implantation rate in smokers undergoing 
IVF [18]. A recent study demonstrated a delay in implanta- 
tion from spontaneous conception in smokers compared to 
nonsmokers, suggesting impaired reproductive processes 
[19] and smoking was associated with an increased risk for 
early pregnancy loss [20]. Studies among women undergo- 
ing IVF suggest the deleterious impact is not limited to di- 
rect exposure, in that adverse IVF outcomes were increased 
among women exposed only to second-hand smoke as well 
[21, 22]. While cigarette smoking is generally avoided fol- 
lowing recognition of pregnancy, many women and their 
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Fig. 15.1 Two-dimensional 
structures for selected environ- 
mental organic pollutants with 
recognized potential for human 
reproductive toxicity. a 9,10-di- 
methylbenzanthracene (DMBA). 
b 3-methylcholanthrene (3-MC). 
c Benzo[a]pyrene (BaP). d 
2,2-bis(4-hydroxypheny]) 
propane (Bisphenol A, BPA). e 
2,2°4,4’,5,5 -hexachlorobiphenyl a 
(PCB #153). f 2,3,7,8-tetrachlo- 
rodibenzodioxin (2,3,7,8-TCDD). 
g 2,2’,4,4’-tetrabromodiphenyl 
ether (PBDE #47). h Perfluo- 
rooctane sulfonate (PFOS). i 
Perfluorooctanoic acid (PFOA). 
(Source: Reprinted from the 
National Center for Biotechnol- 
ogy, US National Library of 
Medicine, PubChem Compound 
Database, http://pubchem.ncbi. 
nlm.nih.gov/. Accessed April 21, 
2013) 


physicians are relatively unaware of the negative impact that 
cigarette smoking can have on their own as well as their off- 
spring’s reproductive health. In fact, the American Society 
for Reproductive Medicine (ASRM) has produced practice 
guidelines with a position statement on smoking and reduced 
fecundity to educate infertile patients who smoke on the po- 
tential adverse effects of smoking [23]. 

There is increasing evidence to suggest multiple mecha- 
nisms underlying the effect of cigarette smoke. The adverse 
actions of chemicals in cigarette smoke may act at the levels 
of ovarian, tubal, and endometrial function. Concentrations 
of cotinine, a stable metabolite of nicotine with a half-life 
of approximately 18-20 h in humans, correlate strongly 
with tobacco consumption [24]. Cadmium, a potent repro- 
ductive toxicant [25], is selectively bioaccumulated by the 
tobacco plant and levels also correlate to tobacco consump- 
tion [26]. Both cotinine and cadmium are present in human 
follicular fluid, with higher levels in smokers than non- 
smokers [27, 28], and have been associated with compro- 
mised oocyte quality [29]. Additional toxins recognized in 
cigarette smoke include the class of compounds known as 
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polycyclic aromatic hydrocarbons (PAHs) [30]. PAHs com- 
prise a family of > 100 related chemical structures consisting 
of fused aromatic carbon and hydrogen rings and formed as 
byproducts of incomplete combustion. Specific PAH com- 
pounds of interest include 9,10-dimethylbenzanthracene 
(DMBA), 3-methylcholanthrene (3-MC), and benzo[a]py- 
rene (BaP) (see Fig. 15.la—c). PAHs, including BaP, have 
been detected in the follicular fluid of women using IVF 
[31]. A highly reactive intermediary diol epoxide metabo- 
lite of BaP has also been detected in human follicular fluid, 
and was associated with increased DNA adduct formation 
in luteinized granulosa cells recovered during IVF, and also 
correlated with cotinine levels, suggesting an increased risk 
for granulosa cell DNA damage with cigarette smoking [32]. 
PAH compounds compromise granulosa cell function, have 
been indirectly associated with the development of ovarian 
tumors [33-35], and are linked to an increased risk for mu- 
cinous ovarian carcinoma in epidemiologic studies [36, 37]. 

The most concerning impact of cigarette smoke on female 
reproduction may be the decline in ovarian reserve associ- 
ated with chronic exposure. This effect on the “biological 
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clock” is supported by the association of cigarette smoking 
with an earlier age at menopause [38—40]. Sharara et al. de- 
scribed increased abnormal clomiphene challenge testing 
in women who smoked cigarettes [41]. While other stud- 
ies have confirmed an association between cigarette smok- 
ing and elevated basal FSH levels [42-44], DMBA, 3-MC, 
and BaP are known to be ovotoxins, resulting in significant 
destruction of primordial and primary follicles in mice and 
rats [45, 46]. There is evidence that PAH-induced reduction 
of primordial follicles operates via aryl hydrocarbon recep- 
tor (AhR)-regulated Bax expression [47, 48]. Furthermore, 
meiotic spindle disruption is a probable sequelae to cigarette 
smoke exposure, an increased likelihood for the recovery of 
diploid oocytes, and a reduced proportion of mature oocytes 
was reported for cigarette smoking IVF patients [49, 50]. 
That noted, it is not fully established whether human ovarian 
antral follicle pools are diminished in response to cigarette 
smoking when adjusted for maternal age [44, 51]. In a retro- 
spective epidemiologic study, ovarian response during IVF, 
defined by the number of mature oocytes retrieved follow- 
ing controlled ovarian stimulation, was less in 40 cigarette 
smokers than in 71 nonsmokers, although correlations were 
not adjusted for age [52]. A more recent epidemiologic study 
describes an increased age-related rate of ovarian follicle de- 
cline in smokers compared to nonsmokers, suggestive of a 
negative impact on ovarian reserve [53]. 

Interestingly, ex-smokers appear to have a similar fecun- 
dity rate, compared with nonsmokers implying that active 
exposure to chemicals in cigarette smoke during the follicu- 
lar phase and/or luteal phase of the menstrual cycle inhibits 
normal reproductive processes [54]. There may also be con- 
tributing endometrial dysfunction as demonstrated in a large 
retrospective epidemiologic study in which lower pregnancy 
rates, and higher rates of multiplicity, were associated with 
heavy cigarette smoking in an oocyte donation-recipient 
model [55]. Mechanistically, tubal motility and ciliary func- 
tion have been implicated as targets of cigarette contaminant 
exposures [56—58]. Evidence from human fetal ovaries also 
suggests that somatic cells comprising the ovarian follicle 
may be influenced by cigarette smoke, which may have pro- 
found long-term effects on oocyte development [59]. In a 
recent epidemiologic study, first trimester maternal smoking 
was linked to an earlier age of onset of menarche, underscor- 
ing the likelihood for developmental programming effects 
that may later compromise fertility [60]. There is also evi- 
dence that women who smoke cigarettes have an increased 
risk of spontaneous fetal loss [14, 61, 62], and that the risk 
extends to women exposed as children through smoking par- 
ents [63]. However, other studies have not clearly demon- 
strated an association between maternal cigarette smoking 
and risk of spontaneous abortion, and so a causal association 
remains questionable [64—68]. In addition to the risk of spon- 
taneous miscarriage, multiple studies have demonstrated an 
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increased risk of ectopic pregnancy associated with active 
cigarette smoking [69, 70]. 

Collectively, the literature points towards a negative 
impact of cigarette smoking on ovarian aging as well as 
compromised oocyte function and embryo development. 
Furthermore, these effects do not only appear to be limited 
to the smoker herself but are also elicited by second-hand ex- 
posure to sidestream smoke in the environment. For women 
achieving pregnancy, cigarette smoke exposure is also as- 
sociated with an increased risk for an ectopic implantation as 
well as spontaneous loss. For those women with live births, 
gestational exposure to maternal smoking may compromise 
future reproductive development leading to infertility in the 
offspring of smokers. 


Exposure to Bisphenol A 


Bisphenol A (BPA) has gained considerable attention as 
an environmental chemical with multiple adverse effects 
on human health and disease. The chemical composition 
of bisphenol A is 2,2-bis(4-hydroxyphenyl)propane (see 
Fig. 15.1d). BPA is produced in large quantities (greater than 
6 billion pounds per year) as it is incorporated into various 
resins and plastics (e.g., polycarbonate). Hence, the exposure 
to BPA is ubiquitous in the USA, frequenting many aspects 
of daily living primarily through dietary consumption [8]. 
The Chapel Hill Bisphenol A expert panel issued a consen- 
sus statement in 2007 on the relationship between BPA and 
human health effects [71]. BPA appears to have endocrine 
disrupting effects through steroid receptor binding. BPA 
binds to the nuclear estrogen receptor with weak affinity. 
Recent evidence suggests it may act to induce physiologic 
responses through cell membrane estrogen receptors in low 
pg/mL concentrations [72]. BPA levels in humans have been 
measured in the parts per billion range in serum [73, 74] and 
urine [75, 76]. The relevance of low levels of BPA exposure 
in humans remains in question pertaining to significant re- 
productive biologic effects [77—80]. 

Adverse female reproductive effects of BPA exposure 
have been described with respect to meiotic aberrations in 
the oocyte. In 2000, Takai et al. published their work on the 
effects of BPA on early embryo development [81]. Two-cell 
mouse embryos were cultured with BPA at low, environmen- 
tally relevant doses in the presence or absence of Tamoxifen, 
a selective estrogen receptor modulator; blastocyst advance- 
ment was adversely affected. A direct link between BPA 
and murine aneuploidy was first reported by Hunt and col- 
leagues, in which a dramatic increase from 1-2% to 40% 
was observed in chromosomal alignment defects in the 
first meiotic spindle [82]. This observation was ultimately 
traced and attributed to the leaching of BPA from damaged 
polycarbonate cages and water bottles in which the female 
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mice were housed during the final stages of oocyte matu- 
ration. The effects of in utero BPA exposure may also be 
transgenerational. In 2007, Susiarjo et al. reported abnormal 
pachytene associations and abnormalities in synaptonemal 
complex structures of BPA-exposed murine fetuses with 
higher rates of aneuploidy [83]. A similar meiotic phenotype 
in prophase fetal oocytes of BERKO —/— mice with similar 
rates of synaptonemal aberrations (57%), compared to those 
of the BPA-exposed female murine fetuses (52%), supports 
the estrogen receptor 8 as a potential site of interaction with 
BPA as a pathway for meiotic disruption. 

The clinical relevance of BPA is emerging. A study from 
Japan was published in which 45 patients with a history of 
three or more first trimester miscarriages without uterine 
anomaly or blood karyotype abnormality (study group) and 
32 healthy nonpregnant women without prior pregnancy loss 
(control group) underwent serum BPA testing [84]. Mean 
serum BPA levels were significantly higher in the study 
group compared to the control group (2.59 vs. 0.77 ng/mL), 
concluding that serum BPA is associated with recurrent mis- 
carriage. Yet, methods employed in this study introduced 
several limitations, including the use of an enzyme-linked 
immunosorbent assay (ELISA) to assess BPA exposure [85], 
the cross-sectional assessment of BPA which has a half-life 
of only several hours, a lack of consideration for “critical” 
biologic windows in timing the exposure assessment (such 
as during the LH surge when BPA exposure is most likely to 
affect the meiotic transition from metaphase I to metaphase 
ID, and the different demographics utilized for recruitment 
of patients and control subjects. However, additional clinical 
studies have recently been published with respect to BPA. 
Serum unconjugated and urinary conjugated BPA levels 
both inversely correlate with fertilization rates of exposed 
human oocytes [86, 87]. Additionally, BPA appears to influ- 
ence estradiol production by inhibiting aromatase activity 
in vitro [88]. Clinical evidence supporting reduced estradiol 
secretion exists based on lower peak estradiol responses to 
gonadotropin stimulation during IVF with increasing BPA ex- 
posures [73, 89]. Another study by Hanna et al. explored the 
potential role of BPA in altering methylation sites in women 
undergoing IVF [90]. They found BPA to be associated with 
lower methylation of the promoter region of the TSP (testes- 
specific protease) 50 gene. However, no evidence has been 
published to date, to indicate that BPA exposure is associated 
with increased rates of human embryonic aneuploidy. 


Exposure to Polychlorinated Biphenyls 


Polychlorinated biphenyls comprise a family of 209 struc- 
turally related compounds, or congeners, consisting of 
two carbon—hydrogen phenyl rings, with a spectrum of 
chlorine substituents that determine activity. The PCB 
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congener 2,2’,4,4’,5,5'-hexachlorobiphenyl (PCB #153, see 
Fig. 15.1e) tends to be found most frequently in US biospeci- 
mens, although the relative contributions of various conge- 
ners to total PCB body burdens vary. PCBs were originally 
manufactured as chemical mixtures, variously composed to 
suit a wide range of industrial applications. These chemicals 
are ubiquitous and persistent in the environment due to their 
chemical stability, lipophilic character, and low water solu- 
bility [5]. While banned from production in most countries 
in the 1970s, the persistence of PCBs makes them relevant 
as environmental contaminants potentially influencing re- 
productive outcomes. The food chain is the primary source 
of human exposure, as PCBs bioaccumulate in animal fats 
leading to biomagnification. PCB congeners were recently 
classified as carcinogenic to humans by the World Health 
Organization’s International Agency for Research on Cancer 
(IARC) [91], and variously possess estrogenic and anties- 
trogenic properties [92]. Congeners absent a chlorine (Cl) 
substituent at three or four of the ortho-carbon positions 
can assume a “coplanar” configuration and interact with the 
AhR, eliciting dioxin-like effects [93], including proinflam- 
matory properties that increase oxidative stress [94]. 

The first report of PCBs causing reproductive harm came 
from a 1980s study based in the Netherlands. A decline in the 
Wassen Sea seal population was traced to reduced litters as- 
sociated with PCB and DDE contamination [95]. Consump- 
tion of sport-caught fish fosters increased exposure to PCBs 
[96], reflected in higher levels in the serum of sport fish 
consumers [97, 98]. Several epidemiologic studies have re- 
ported associations between PCB body burden and outcomes 
related to female fertility. A recent prospective cohort study 
of women, exposed through the consumption of Great Lakes 
sport fish, reported increased time to pregnancy in associa- 
tion with exposure to estrogenic and antiestrogenic PCB 
congeners [99]. An association between estrogenic PCBs 
and increased menstrual cycle length was reported from the 
same study [100]. Another, larger prospective cohort study 
with preconception participant enrollment also reported as- 
sociations between pregnancy delays and PCB congeners 
[101]. Similar results have been reported by European in- 
vestigators [102, 103]. Maternal serum PCB concentrations 
have been documented during critical windows of develop- 
ment, including the periconception interval and early preg- 
nancy [104], and PCB levels are detectable within human 
follicular fluid [105, 106]. More recently, follicular fluid and 
serum PCBs have been associated with reduced oocyte fertil- 
ization [107] and with reduced embryo implantation during 
IVF [108], although a systematic review concluded that the 
epidemiologic evidence to date is insufficient to support a 
causal association [109]. 

A substantial number of studies in mammalian models 
demonstrate the effects of PCBs on ovarian function, oo- 
genesis, and embryogenesis, corroborating positive results 
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reported from epidemiologic investigations in women. In 
vitro experiments report disrupted oocyte maturation, im- 
paired fertilization, and compromised bovine embryo growth 
in a dose-dependent manner [110, 111]. Earlier studies dem- 
onstrated disruption of estrus and menstrual cycles in rats 
and primates [112-115], and the negative effects of several 
PCB mixtures on the fertilizability of murine oocytes [1 16— 
118]. More recently, altered synthesis of estradiol, testoster- 
one and progesterone by human cell cultures was reported 
following treatment with individual PCB congeners [119]. 
The “dioxin-like” PCB congener #77 was also found to de- 
crease fertilization potential in murine oocytes when female 
mice were fed a contaminated diet [120]. In another study, 
a mix of PCBs and related compounds reduced porcine oo- 
cyte cumulus expansion in a dose-dependent manner and de- 
creased blastocyst formation [121]. Female rabbits also ex- 
perienced reduced blastocyst formation following treatment 
three times a week with a PCB mixture [122]. 

Investigation has suggested a role for the AhR, as a mech- 
anism to explain murine ovarian weight and cyclicity effects 
reported following experimental PCB exposure [123, 124]. 
However, contradictory evidence identified AhR —/— mice 
to be fertile without compromised reproduction, raising the 
question of whether PCB effects on reproduction are medi- 
ated via other mechanisms [125]. Further evidence against 
an exclusive role for AhR mediated embryo-toxic effects by 
PCBs is provided by post-exposure AhR independent chang- 
es in rabbit blastocyst gene expression [126]. Though at 
higher concentrations than typically experienced by human 
populations, there is clear evidence in various mammalian 
models that oocyte competence and early embryo develop- 
ment can be compromised by exposures to PCBs. 


Exposure to Dioxins 


Dioxins represent a class of organic chemicals that are struc- 
turally related to PCBs, typically including polychlorinated 
dibenzodioxins (PCDDs), polychlorinated dibenzofurans 
(PCDFs), and coplanar polychlorinated biphenyls (co- 
PCBs). Dioxins are formed primarily as a byproduct of the 
incomplete combustion of chlorine-containing materials, or 
as inadvertent contaminants in chemical synthesis; they tend 
to bioaccumulate and to have very long in vivo half-lives 
[127]. The most potent dioxin is 2,3,7,8-tetrachlorodiben- 
zodioxin (2,3,7,8-TCDD; see Fig. 15.1f), to which humans 
are generally exposed via consumption of contaminated food 
products and inhalation around municipal waste incinera- 
tors. TCDD has been classified as a human carcinogen by the 
IARC [128] and displays antiestrogenic endocrine-disrupt- 
ing properties [129]. Furthermore, detectable concentrations 
have been reported in human follicular fluid [130]. Similar 
to PAHs, dioxins bind as AhR ligands with downstream gene 
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activation and expression [131]. Though the antiestrogenic 
effects of dioxins are primarily attributed to an increased 
rate of hepatic estradiol metabolism, there is also evidence 
that TCDD acts as an endocrine disruptor to reduce estro- 
gen biosynthesis within the ovarian follicle via actions on 
17,20-lyase activity of the P450c17 enzyme complex [132]. 
TCDD may influence ovarian reserve via the AhR activation 
pathway, similar to PAHs [133, 134]. 

The clinical evidence for dioxin exposure and impaired 
fertility among women comes mainly from the Seveso Wom- 
en’s Health Study, which studied an Italian village popula- 
tion north of Milan, exposed to high levels of 2,3,7,8-TCDD 
from a 1976 chemical plant explosion that released ~30 kg 
into the atmosphere [135, 136]. Measurable serum levels of 
TCDD in Seveso residents ranged from 2.5—56,000 parts per 
trillion (ppt), with a background of 20 ppt among members 
of a nonexposed reference group [137]. The evidence that 
dioxins adversely affect female infertility is sparse however 
and further studies need to be performed to clearly define the 
risk at more commonly encountered levels in the environ- 
ment and the potential impact on unexplained female infer- 


tility. 


Exposure to Polybrominated Diphenyl Ethers 


Polybrominated diphenyl ethers (PBDEs) comprise a fam- 
ily of 209 closely related lipophilic chemicals, structurally 
analogous to PCBs, with the exceptions of bromine substitu- 
ents and an ether bond. The PBDE congener 2,2’,4,4’-tetra- 
bromodiphenyl ether (PBDE #47, see Fig. 15.1g) tends to 
be found most frequently in US biospecimens, although the 
relative contributions of various congeners to total PBDE 
body burdens vary. Like PCBs, these compounds were vari- 
ously manufactured as mixtures to suit particular purposes, 
primarily blended into commercial products as flame-retar- 
dants [138]. However, their appearance in the environment 
is more recent, having been introduced in the early 1970s, 
but now distributed to humans and biota worldwide in near 
ubiquitous fashion [139]. Given their environmental persis- 
tence and lipophilic nature, PBDEs tend to bioaccumulate in 
animal fats with long half-lives [140], raising concerns with 
respect to human health. Exposure is likely through inhala- 
tion and ingestion of contaminated dust, and through con- 
sumption of contaminated food products. Use of the most 
common PBDE mixtures are being phased out (i.e., deca- 
BDE) or eliminated in the USA (penta-BDE and octa-BDE), 
but concerns remain due to the persistence of PBDE con- 
geners in the environment and their widespread presence in 
commercial products. 

There have been few epidemiologic studies of human fer- 
tility and PBDE exposures published to date. An increased 
risk for early onset of menarche in US adolescents was 
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recently reported from a cross-sectional investigation [141]. 
No association between breast milk PBDE concentrations 
and menstrual cycle length was reported from a small cross- 
sectional study conducted among pregnant women in Taiwan 
[142]. An increased time to pregnancy was reported in as- 
sociation with higher serum PBDE levels among pregnant 
members of a Mexican-immigrant community in California, 
at concentrations higher than those measured in the Taiwan 
study, yet no association was detected for menstrual cycle 
parameters [143]. In a very large French cohort study, no as- 
sociation was reported for time to pregnancy in association 
with serum concentrations of a single PBDE congener; how- 
ever, the latter was infrequently detected among members of 
the study sample [103]. A more recent prospective study of 
women undergoing IVF reported an increased implantation 
failure rate associated with increased follicular fluid PBDE 
concentrations [144]. In contrast, the recent prospective 
study with preconception enrollment of women conceiving 
unassisted reported no associations with PBDEs, following 
adjustment for confounding variables [101]. 

Endocrine disruptive effects have been reported for 
PBDEs and their OH-PBDE metabolites using experimen- 
tal models [145]. Estrogen and progesterone receptor bind- 
ing with agonistic or antagonistic effects have been dem- 
onstrated using in vitro systems and in vivo using rodents 
systems [146, 147], as has binding to the androgen recep- 
tor, also with antagonistic effects in vitro and in vivo [146, 
148]. Furthermore, OH-PBDE metabolites inhibit aromatase 
activity in vitro [149]. Gestational exposure at environmen- 
tally relevant doses elicited structural changes in ovaries, 
and altered folliculogenesis at higher concentrations [150, 
151]. Changes to uterine estrogen-mediated gene expression 
and the distribution of uterine progesterone receptors was 
also reported in association with nontoxic PBDE exposures 
[152]. While many experimental effects have been reported 
at doses exceeding those usually experienced by humans, 
differential sensitivities between women and model organ- 
isms, and long-term human exposures complicate extrapola- 
tion of these data. Moreover, additive or synergistic effects 
between PBDEs and related compounds such as PCBs may 
potentiate the impact of low doses [153], and in doing so 
play an important role in unexplained female infertility. 


Exposure to Perfluorinated Compounds 


Fluorotelomer and sulfonamide alcohols are widely em- 
ployed for industrial and commercial applications, including 
use as surfactants and chemical intermediates, and integrated 
into food packaging, stain resistant and “non-stick” coatings, 
and “breathable” waterproof fabrics [154]. Though first used 
in the 1950s, only recently did the widespread distribution 
of their breakdown products, the most prevalent of which 
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are perfluoroctane sulfonate (PFOS) and perfluorooctanoic 
acid (PFOA) (see Fig. 15.1h-i), become widely appreciated 
by the scientific community [155]. Due to a highly stable 
carbon-fluorine backbone, environmental persistence is es- 
sentially indefinite and their tendency to bind serum proteins 
and to undergo enterohepatic circulation results in human 
bioaccumulation. People are generally thought to be exposed 
through drinking water contamination and use of relevant 
products. Concerns have led to a voluntary reduction and 
phase out of PFOS and PFOA by leading US manufacturers. 

Similar to PBDEs, human investigation into potential ef- 
fects on female fertility has been sparse to date. A large pro- 
spective epidemiologic study recently reported an increased 
time to pregnancy in association with higher maternal PFOS 
and PFOA measured early in gestation [156]. Yet, questions 
with respect to the temporal nature of the association in that 
study have been raised by a more recent retrospective inves- 
tigation [157, 158], complicating the interpretation of these 
data. Two additional prospective studies recently reported 
no associations for PFOS or PFOA with conception [101, 
159]. Experimental studies in mice have reported altered es- 
trous cyclicity following PFOS treatment [160], and dose- 
dependent increases in total litter resorption following PFOA 
treatment [161], albeit at levels exceeding those typically ex- 
perienced by women. Additional studies suggest PFOS and 
PFOA possess estrogenic and antiestrogenic activities [162, 
163]. No adverse reproductive effects were detected at non- 
toxic PFOS doses in an earlier two-generation rat study [164] 
although these results were limited by rapid metabolism and 
elimination of perfluorinated compounds by the female rat, 
whereas the elimination half-life in humans is measured in 
years. Given the widespread distribution and persistence of 
these compounds, additional investigation is necessary to 
more conclusively evaluate the potential for reproductive 
toxicity and possible contributions to unexplained female 
infertility. 


Exposure to Toxic Elements 


Another area of emerging interest is the potential effect of 
toxic elements on female reproductive potential, including 
arsenic (As), cadmium (Cd), lead (Pb), and mercury (Hg). 
Though nonessential, toxic elements are distributed in ubiq- 
uitous fashion, with detectable levels reported for the vast 
majority of the US population [8], and investigators have re- 
ported accumulation of these agents in female reproductive 
tissues [165]. There are several environmental sources of ex- 
posure, including inhalation of polluted air and consumption 
of contaminated water and food. Seafood is an important 
exposure source due to bioaccumulation, and in some cases 
biomagnification, in the aquatic food chain [166, 167]. Con- 
sumption of shellfish, especially bivalves, has been shown 
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to increase exposure to Cd [168]. As mentioned previously, 
though cigarette smoke is a potent source of Cd exposure, 
it also contributes to Pb and As exposure. Consumption of 
predatory fish species has been shown to contribute to the 
bodily accumulation of the organic species of Hg in particu- 
lar (methyl-Hg), exposure to which is considered a modifi- 
able health risk. The US National Research Council (NRC) 
recommends dietary exposure to no more than 0.1 ug/kg 
per day methyl-Hg, approximately equivalent to a blood 
Hg level of <5.8 ug/L [169]. Recently published data from 
the US National Health and Nutrition Examination Survey 
(NHANES) reveal that Asian women have significantly 
higher blood Hg than other races surveyed [170], indicating 
that they are potentially at greater risk for reproductive toxic- 
ity from methyl-Hg. For many, consumption of As contami- 
nated drinking water is an important source of exposure to 
the highly toxic inorganic As species as well as to Pb [171]. 
Whereas seafood exposes consumers mostly to the relatively 
innocuous organic species of As [172]. In addition, the wide- 
spread use of herbal health and complementary therapies in 
the USA [173] and elsewhere may also place some groups 
at an increased risk for reproductive toxicity [174, 175]. A 
recent case of Pb intoxication resulting from the use of a 
contaminated herbal infertility treatment underscores the po- 
tential significance of this source [176]. 

Amassing evidence in vitro and in vivo demonstrates ad- 
verse reproductive outcomes associated with environmental 
exposures to toxic elements, including early pregnancy loss 
and decreased fecundity associated with Hg, Cd, Pb, and As 
exposures in women [3, 177]. Adverse female reproductive 
effects have been demonstrated rather clearly at high lev- 
els of exposure, such as those encountered in the workplace 
[178]. For example, Rowland et al. found reduced fertility 
outcomes among female dental assistants exposed to Hg 
vapor [179]. However, the effects of the lower, or “trace” 
doses frequently encountered in the environment are more 
controversial. Epidemiologic studies of populations lacking 
occupational exposure reported altered sex-steroid hormone 
economy [180], and have been associated with clinical fe- 
male infertility [181-183], increased time to pregnancy 
[184, 185], and altered oocyte maturation [186, 187], oocyte 
fertilization [188], embryo development [189], and embryo 
implantation [190, 191] during IVF. In contrast, other stud- 
ies do not support an association between pregnancy and 
female exposures to environmental levels of toxic elements 
[192-195]. These studies are preliminary though intriguing 
and warrant further investigation to better understand the 
potential harm on female reproductive potential caused by 
exposures to toxic elements widespread throughout the en- 
vironment. 

Using experimental systems in vitro and in vivo, investi- 
gators have identified several potential biologic mechanisms 
by which toxic elements might contribute to unexplained 
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female infertility. Elements including As, Cd, Pb, and Hg 
enter eukaryotic cells [196] and in doing so can disrupt cyto- 
skeletal function [197, 198], and increase oxidative damage 
by depletion of protective antioxidant molecules [199] and 
generation of reactive oxygen species [200]. Investigators 
also report estrogen-receptor interaction for each As, Cd, Pb, 
and Hg at concentrations similar to those to which humans 
are exposed through background sources and with physi- 
ologic effects downstream [201-204]. In addition, altered 
progesterone synthesis has been reported in association with 
Cd exposure by several studies employing in vitro granulosa 
cell culture models or in vivo murine models [205]. Dis- 
rupted progesterone synthesis has also been demonstrated in 
association with Hg treatment in vitro and in vivo, using fish 
oocytes [206]. Potentially inheritable genetic modifications 
involving gene regulation, rather than nucleic acid substitu- 
tions, or “epigenetic” changes have also been linked to toxic 
element exposure in experimental studies [207, 208] as well 
as in human observational studies [90]. Alterations in the 
expression of genes involved in cell replication, or the syn- 
thesis of factors required by an early embryo for navigating 
the early stages of uterine invasion and placentation could 
feasibly contribute to unexplained female infertility. While 
many potential biologic mechanisms exist, harmonization 
of the experimental and epidemiologic literature at environ- 
mentally relevant doses will require additional investigation 
so that the risk to female unexplained infertility can be more 
definitively assessed. 


Summary 


There is ever increasing evidence that environmental con- 
taminant exposures may adversely affect human reproduc- 
tion through effects on female reproductive potential. While 
cigarette smoking and its component chemicals are known 
toxic agents affecting the quality and quantity of oocytes, 
other toxic substances ubiquitous in our environment such 
as BPA, PCBs, dioxins, PBDEs, perfluorinated compounds, 
and toxic elements appear to have reproductive toxic effects 
at environmentally relevant levels as well. That said further 
studies are clearly needed to fully understand the impact of 
these various toxic environmental exposures on female as 
well as male infertility. Large, prospective epidemiologic- 
based studies are needed to address potentially subtle effects 
of various environmental contaminants on reproductive 
health. Within the framework of such studies, we can realize 
and appropriately counsel the infertile female patient on best 
practices regarding environmental and lifestyle exposures to 
toxic substances. 
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Introduction 


The vaginal pH fluctuates between 3.8 and 4.5 [1]. While 
protecting the vagina from most pathogenic bacteria, this 
slightly acidic pH is toxic to sperm. The optimal pH to main- 
tain sperm viability and motility ranges from 7.0 to 8.5 [2]. 
In fact, a reduction in sperm motility is seen at vaginal pH of 
less than 6.0 [2-5]. The alkaline pH of semen protects sperm 
temporarily. However, reduction in semen volume and/or de- 
creased alkaline seminal vesicular secretion may negatively 
impact fertility since semen buffering capacity against vagi- 
nal acidity becomes inadequate [6]. 

The cervix generally functions as an effective barrier 
to sperm [7]. On the other hand, an adequate production 
of cervical mucus is essential to transport sperm from the 
vagina to the uterine cavity [2, 7]. Surgeries, birth defects, 
and infections can cause cervical constriction or steno- 
sis, and may impair mucus production by the endocervical 
canal [8—12]. Chronic cervicitis, acute inflammation, and 
congenital diseases, such as cystic fibrosis (CF), are among 
the conditions that can reduce cervical mucus receptivity 
[12-14]. As a result, fertility is impaired due to alterations 
in cervical anatomy and function [9]. Hormonal fluctua- 
tions during the menstrual cycle also impact the production, 
composition, and ultrastructure of mucus, which ultimately 
affect sperm penetrability [12, 15]. Hormonal dysfunctions, 
mainly characterized by inadequate estrogen production 
and/or premature progesterone elevation, may render cervi- 
cal mucus inadequate for sperm penetration, and may result 
in infertility [9]. Medication (e.g., clomiphene citrate (CC) 
and propranolol) and smoking can also have detrimental ef- 
fects on mucus receptivity to sperm [16-20]. Lastly, sperm 
abnormalities affecting motility and/or morphology, as well 
as elevated levels of antisperm antibodies in the semen and/ 
or female serum may impact sperm ability to transpose the 
cervical mucus [21-23]. 
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Altogether, these aforementioned factors highlight the 
importance of both vaginal pH and cervical mucus as the 
first barrier to sperm penetration into the uterine cavity. In 
this chapter, we first describe the vaginal physiology. Then, 
we characterize the cervical mucus, its production, structure, 
and composition. Finally, we explain how spermatozoa are 
transported into the cervical mucus and outline several con- 
ditions that can interfere with sperm movement through the 
vagina and cervical mucus and, therefore, be implicated in 
the pathophysiology of unexplained infertility. 


Vaginal Physiology 
Vaginal pH 


Potential of hydrogen, or pH, is a measure of hydrogen ion 
concentration, that is, an appraisal of the acidity or alkalin- 
ity of a solution. Numerically, it is equal to 7.0 for neutral 
solutions. Levels of pH less than 7.0 characterize acidic so- 
lutions, while levels greater than 7.0 characterize basic (or 
alkaline) solutions. The vaginal pH fluctuates from 3.8 to 
4.5, and is classified as slightly acidic [1]. 
The fluid content of the vagina is derived from: 


1. Mucus secretions of the cervical columnar cells 

2. Transudation through the vaginal walls 

3. Vulvar secretions originated from sebaceous and sweat 
glands 

4. Mucus secretion of Bartholin’s glands 

5. Substances produced by microorganisms present in the 
vagina [24-26] 


The vagina is a genital canal that extends from the vulva to the 
cervix. Its walls consist of noncornified stratified squamous 
epithelium, a smooth muscle layer, and a prominent connec- 
tive tissue rich in elastic fibers [27]. The epithelial cells are 
rich in glycogen. Vaginal cells are stimulated by estrogen to 
both synthetize and accumulate increased amounts of gly- 
cogen. Due to cell shed and desquamation, glycogen accu- 
mulates in the vaginal lumen. Glycogen can be metabolized 
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in a process called glycogenolysis to pyruvic acid, which is 
converted in lactic acid and water by anaerobic metabolism. 
This process is carried out by Doderlein’s lactobacillus, the 
predominant vaginal microorganism, thus decreasing the 
vaginal pH. As such, both epithelium cells rich in glycogen 
and the presence of lactobacillus are essential to maintain 
vaginal acidity [24, 25]. This acid environment protects the 
vagina from pathogenic microorganisms because most bac- 
teria grow best at a pH of about 7.5 [24]. 

Lactobacilli also protect the vagina by competing with 
other bacteria for adherence to the vaginal epithelium, thus 
forming a biofilm on cervical and vaginal mucosa. Further- 
more, lactobacilli produce antimicrobial substances such as 
hydrogen peroxide, bacteriocins, and biosurfactants [26]. 
Many factors can interfere on the number of Doderlein’s 
bacilli, and consequently, modulate vaginal pH, such as the 
systemic or topic use of antibiotics, stress, immunity de- 
crease, hormonal disorders, and modifications in estrogen 
levels during a woman’s lifetime [28]. 

As a result of fetal exposure to maternal-placental estro- 
gens in the first month of life, lactobacilli are abundant in 
the vagina, thus maintaining vaginal pH around 5. From the 
first month of life until puberty, the glycogen content of the 
vaginal epithelial cells decrease in response to decreased 
estrogen levels. Consequently, the production of lactic acid 
decreases while vaginal pH rises to about 7. This modifica- 
tion facilitates the growth of other bacteria, mainly Staphylo- 
coccus epidermidis, Streptococcus, and E.coli [28]. Estrogen 
levels increase again during reproductive years, due to the 
onset of ovarian activity, lowering vaginal pH to less than 5. 
This decrease in vaginal pH predisposes to the proliferation 
of lactobacilli, which accounts to 90% of all microorgan- 
isms present in the vagina at this time. Other bacteria such as 
Corynebacterium, Staphylococcus, Streptococcus, and Bac- 
terioides correspond to 10% of this flora [29]. 

During the menstrual cycle, the vaginal pH becomes more 
acidic from the 2nd up to the 14th day of the cycle, ranging 
from 6.6 (+0.3) to 4.2 (£0.2) [29]. This acidic vaginal envi- 
ronment is toxic to sperm, for the optimal pH for sperm vi- 
ability ranges between 7.0 and 8.5, and a reduction in sperm 
motility is seen at pH of less than 6.0 [2-5]. During sexual 
intercourse and as a result of sexual excitement, the vaginal 
epithelium produces a transudate that lubricates and also el- 
evates the vaginal pH to 7.0 within seconds. This decrease in 
acidity can be maintained for up to 2 h after ejaculation [6]. 
This physiological modification, associated with the alkaline 
pH of semen, temporarily protects spermatozoa [30]. 

The vaginal pH also increases during menses, since blood 
is slightly alkaline, and also in patients with excessive cer- 
vical ectropion, that produces alkaline mucus [31]. Post- 
menopausal women have a lower amount of glycogen in the 
epithelial cells as a consequence of hypoestrogenism, and 
their vaginal pH is around 7 like in prepubescents. Increased 
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vaginal pH in the aforesaid conditions predisposes to prolif- 
eration of pathogenic bacteria [32]. 

Variations in the vaginal pH diminish its defense and in- 
crease the susceptibility to infections that can indirectly affect 
fertility. An association of abnormal vaginal flora (bacterial 
vaginosis) with increased tumor necrosis factor alpha (TNF- 
a) and interferon-gamma (IFN-y) levels in the cervical mucus 
has been described in patients with unexplained infertility 
[33]. In addition, concentrations of TNF-a and IFN-y are 
significantly higher in the cervical mucus of infertile women 
with unexplained infertility compared with fertile controls 
[34]. These data suggest that an altered vaginal ecosystem 
can induce the production of proinflammatory cytokines 
which may play a role in the pathophysiology of unexplained 
infertility [33]. The mechanism by which these cytokines im- 
pair fertility is still unclear; however, it has been found that 
high levels of TNF-a and IFN-y are associated with elevated 
levels of activated natural-killer (NK) cells [35]. 

Finally, semen deficiency to neutralize the acidic vaginal 
pH can also be an infertility factor since spermatozoa are 
vulnerable to vaginal acidity [6]. For instance, an abnormally 
low semen volume (hypospermia) negatively impacts fertil- 
ity since the semen buffering capacity against vaginal acidity 
is decreased. The same is true when semen becomes acidic, 
which may occur as a result of obstruction in the ejaculatory 
ducts and due to hypoplastic seminal vesicles [36]. 


Sperm Transport at the Vaginal Level 


Under normal conditions, only about 200 out of approxi- 
mately 280 million spermatozoa deposited in the upper vagina 
upon ejaculation are capable of successfully transversing the 
cervical canal [37]. Almost immediately after ejaculation, the 
semen forms a coagulum that temporarily restricts the move- 
ment of sperm out of the seminal clot. Then, this coagulum 
is gradually liquefied by seminal-fluid proteolytic enzymes 
produced by the prostate gland during the next 20-30 min [2, 
38, 39]. Deficiency in prostatic secretions, usually caused by 
infectious processes, is related with the absence of secondary 
liquefaction or partial liquefaction. As a consequence, clus- 
tered sperms are trapped within highly viscous semen, which 
can impair the sperm ability to transverse the cervix [9, 40]. 
Most spermatozoa are lost at the vaginal level with the 
expulsion of semen from the introitus. However, a variable 
number of spermatozoa are rapidly taken up by the cervical 
mucus in a process described as “rapid transport,” leaving 
behind the seminal plasma [2, 7]. Rapid sperm transport may 
begin within seconds after ejaculation. In fact, spermatozoa 
are found in the mucus within 90 s postejaculation [38]. 
Despite helping sperm to reach the cervical mucus, sperm 
motility is not the main drive for sperm transit. Sperm move- 
ment is predominantly passive, resulting from coordinated 
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vaginal, cervical, and uterine contractions that occur during 
coitus. Although these contractions are of short duration, 
they are believed to be the primary force responsible for the 
rapid progression of sperm to the upper female reproductive 
tract, like in other mammalian species [2, 41]. Although there 
are reports of motile sperm persisting within the vagina for 
up to 12 h after ejaculation, motility of most vaginal sperm 
is diminished within about 30 min, and after 2 h almost all 
sperm motility has been lost [39]. 

Other nonphysiological factors may play a role in sperm 
loss at the vaginal level. The use of vaginal lubricants dur- 
ing coitus, for instance, has been shown to be toxic to sperm 
[42-45]. Vaginal infectious processes increase the number 
of leukocytes in the vagina, thus enhancing sperm phagocy- 
tosis and reducing the number of spermatozoa that enter the 
tongues of cervical mucus extended over the ectocervix [7]. 


Cervix and Cervical Mucus 
Cervix 


The cervix, which is the lower narrow portion of the uterus 
where it joins with the top end of the vagina, generally func- 
tions as an effective barrier against sperm [7]. Several im- 
portant functions have been attributed to the cervix and its 
secretion, including: 


1. Protecting sperm from the hostile environment of the 
vagina [31, 46, 47] 

2. Protecting sperm from phagocytosis by vaginal leuko- 
cytes [2, 7, 46, 47] 

3. Preventing sperm, microorganisms and particulate matter 
to access the upper reproductive tract and thus, the perito- 
neal cavity [2] 

4. Facilitating sperm transport during the periovulatory pe- 
riod and modulating at other cycle periods [2, 7, 46, 47] 

5. Filtrating morphologically normal sperm [2, 7, 46, 47] 

6. Preserving large numbers of sperm within the cervical 
crypts, providing a biochemical environment sufficient 
for sperm storage, capacitation, migration, and release of 
sperm into the upper genital tract [2, 7] 


The anatomical and functional structure of the human cervix 
facilitates the performance of these aforesaid functions, but 
the production of mucus is probably the most important one. 
Throughout the menstrual cycle, the cervix changes in size 
and texture. Just prior to ovulation and as a result of estro- 
gen levels rise, the cervix swells and softens and the external 
os dilates. Also, during this time, the cervix secretes more 
abundant, slippery, clear, and stretchy mucus, which exudes 
from cervix into the vagina, thus facilitating the entrance of 
sperm into the uterine cavity [2, 48]. In the periovulatory 
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period, more than 96 % of cervical mucus is water, thus con- 
ferring the mucus high spinnbarkheit and pronounced fern- 
ing capacity; as such, sperm penetrability is highest at this 
time [46]. After ovulation, progesterone induces the cervix 
to harden, close and secrete thicker mucus, which acts as a 
plug, preventing bacteria and sperm from entering the uterus 
and making fertilization very unlikely [48]. 

The endocervical canal is lined by single layer of colum- 
nar epithelial cells, both ciliated and nonciliated. The cervix 
does not contain true glandular units; instead, the epitheli- 
um is thrown into longitudinal folds and invaginations with 
blind-ending tubules arising from the clefts forming crypts 
off the central canal. The nonciliated cells secrete mucin in 
granular form through exocytosis. There are several hun- 
dred mucus-secreting units in the cervical canal. The daily 
production varies in relation to the cyclical changes of the 
menstrual cycle, from 600 mg during midcycle to 20-60 mg 
during other periods of the cycle. A few ciliated cells among 
the secreting cells propel the cervical mucus from the crypt 
of origination toward the canal [2, 49, 12]. 

An uncommon cause of cervical infertility is a previous 
surgery on the cervix such as cryo- or electric cauterization, 
cone biopsy and loop electrosurgical excision procedure 
(LEEP). These interventions can alter the anatomy of the 
cervix canal and may lead to constriction or even stenosis. 
As a result, the production of mucus may be impaired due to 
the removal of secretory cells [8, 9]. Severe infections can 
also damage the mucus producing cells [12]. Interventions, 
such as curettage, can also block the canal or simply turn it 
into a pinpoint opening [9]. Birth defects can likewise af- 
fect the cervix. Most of such defects occur in women whose 
mothers had used diethylstilbestrol (DES), a synthetic non- 
steroidal estrogen, which was banned from the marketplace 
in 1997 [11]. Anomalies in the miillerian ducts, which differ- 
entiate to form the fallopian tubes, uterus, the uterine cervix, 
and the superior aspect of the vagina, can also result in a 
defective cervix. Most miillerian duct anomalies are associ- 
ated with functioning ovaries and age-appropriate external 
genitalia. These abnormalities are often recognized after the 
onset of puberty, but late presentations include infertility [10, 
50]. All of these conditions may significantly impair the abil- 
ity of sperm to trespass the cervix and enter the upper female 
reproductive tract [8—12, 50]. 


Cervical Mucus 


The cervical mucus is a heterogeneous mixture of secre- 
tions whose rate of production depends on several factors. 
These factors include the number of mucus-secretory units 
in the cervical canal, the percentage of mucus-secreting cells 
per unit and the secretory activity of the cells in response to 
circulating hormones [12]. 
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Fig. 16.1 Illustration depicting air-dried cervical mucus studied with /ight microscopy (x40). a Es mucus: a parallel arrangement of crystals is 
close together but not joined, with or without short branches protruding from them. b El mucus: a typical ferning morphology. It has a structure 
composed of straight or curved central axis and with branches protruding from its axis at a 90° angle. These branches can also act as an axis for 
new branches, again at a 90° angle. c G mucus: a high free-crystal content with no predetermined form 


There are several types of mucus, as characterized by 
Odeblad [51]. Type E is thin and watery (with approximately 
98% of water), which is characteristic of estrogen domi- 
nance. Type G is thick and sticky, and reflects the stimu- 
lation of progestogenic hormones. Under the influence of 
progesterone, water content decreases to approximately 
90% and the mucus becomes more viscous. Therefore, type 
E is predominant at the time of ovulation in a proportion 
of about 97% of type E and 3% of type G, while type G 
predominates during the normal luteal phase [12, 15, 51]. 
Both types are always present in different proportions dur- 
ing the menstrual cycle, varying according to the circulating 
progesterone and estrogen levels. Using nuclear magnetic 
resonance analysis, the aforementioned author established 
that the ovulatory mucus (E) is a mosaic composed of mucus 
“strings” (called Es) and “loaves” (labeled as El). The strings 
(Es) are fluid gels, and the loaves are more viscid gels (El). 
The Es—El system is very dynamic. Ovulatory mucus con- 
tains 20-25% type Es, 72-77% type El, and 3% type G. 
Since, Es and El differ in their molecular architecture and 
their protein content, not all areas of the cervical mucus are 
equally penetrable by the sperm. While the Es mucus con- 
veys the spermatozoa from the vaginal pool, the El type has 
a very limited role in this respect [12, 52, 53]. The differ- 
ences between each type of mucus can be observed in dried 
mucus sample studied in light microscopy. Cervical mucus 
forms fern-like patterns due to the crystallization of sodium 
chloride on its fibers, which vary according with the mucus 
type (Fig. 16.1) [54]. 

Ultrastructurally, the cervical mucus can be seen as a 
complex biphasic fluid with high-viscosity and low-viscosity 
components. It is a hydrogel composed of a low-molecular- 
weight component (cervical plasma) and a high-molecular- 
weight component (gel phase). The cervical plasma consists 


mainly of trace elements (zinc, copper, iron, manganese, 
selenium, sodium, and chloride ions), organic components 
of low molecular weight such as glucose and amino acids, 
and soluble proteins, such as albumin and globulins [12, 
55, 56]. The gel phase consists of a glycoprotein network 
called mucin, presenting glycosylation variations accord- 
ing to the menstrual cycle, contributing to the changes in 
its physical properties. This extremely large macromolecule 
(about 10,000 KDa) is rich in carbohydrate content and is 
responsible for the high mucus viscosity [57]. The mucin 
macromolecules are thread-like and appear in long paral- 
lel bundles maintained by a peptide of 30 kDa. This pep- 
tide connects mucin molecules through disulphide bridges 
(S-S), thus forming mucin micelles of 100—1000 glycopro- 
tein chains [55]. This system assembly, which varies both in 
diameter and arrangement, is called “micelle.” Collectively, 
mucin molecules form a complex of interconnected micelles, 
which comprise a lattice whose interstices are capable of 
supporting the low viscosity phase, which is predominantly 
water. Protein content is low in the intermicellar spaces of Es 
mucus. The very low viscosity of Es intermicellar fluid al- 
lows very rapid sperm migration [12, 58]. In type G mucus, 
no micelle formation occurs, but the long macromolecules 
form a large, three-dimensional, irregular, dense network 
that does not allow spermatozoa to penetrate (Fig. 16.2) [59]. 
These channels or spaces vary in size according to the type 
of mucus: 2—5 um wide (Es type mucus), 1—2 um wide (El 
type mucus), and 0.3—1 um wide (type G mucus). Therefore, 
intermicellar spaces play a key role in sperm migration [12]. 

Abnormalities of cervical mucus can result in infertility. 
For instance, chronic cervicitis is associated with altera- 
tions of cervical mucus. In this case, a different mucus pat- 
tern appears, defined as type Q by Odeblad, in which the 
mucus composition varies depending on the type, degree, 
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Type E 


Fig. 16.2 Schematic representation of the gel structure of types E and 
G cervical mucus. In type E, mucin macromolecules lie together in long 
parallel bundles (micelles), which spaces in between are filled with cer- 
vical plasma. Spermatozoa can easily swim through these spaces. In 
type G, no micelle formation occurs, and long macromolecules form a 
large, three-dimensional, irregular, dense network. Spermatozoa are not 
allowed to penetrate 


and duration of the inflammatory process. The crypts releas- 
ing this type of secretion have limited response to hormonal 
stimulation [51, 60]. In acute inflammatory conditions, the 
crypts can also produce a serous type of secretion of low 
viscosity but with high leukocyte content, classified as type 
V, which is unable to maintain sperm vitality. Therefore, 
common infections of the cervix such as those caused by 
sexually transmitted microorganisms (Chlamydia tracho- 
matis, Neisseria Gonorrhea, Trichomonas vaginalis, Myco- 
plasma hominis, and Ureaplasma urealyticum) may result in 
cervical hostility [12]. 

Women with cystic fibrosis (CF) are also unable to pro- 
duce the watery and stretchy mucus needed for optimal sperm 
penetrability. CF is caused by a mutation in the gene for the 
protein CF transmembrane conductance regulator (CFTR). 
This protein functions as a channel which transports nega- 
tively charged particles (chloride ions) inside and outside 
the cells. The transport of chloride ions helps to control the 
movement of water in tissues, which is necessary for the pro- 
duction of thin, freely flowing mucus. When the CFTR pro- 
tein does not work properly, chloride (CI) is trapped inside 
the cells. Because chloride is negatively charged, it creates 
a difference in the electrical potential inside and outside the 
cell causing sodium to cross into the cell. As a result, water 
movement from inside to outside cellular compartments is 
decreased, leading the mucus to be more viscous and less 
watery thus harming the sperm transport. Along with a loss 
of CI conductance, mutations of CFTR protein also impede 
bicarbonate (HCO; ) transport. A HCO; rich alkaline pH 
environment is crucial for optimal sperm motility and ca- 
pacitation. During the process of releasing highly condensed 
mucins from intracellular granules, calcium (Ca**) and hy- 
drogen (H*) cations must be removed to enable the mucins 
to expand by as much as 1000 times, forming extracellular 
mucus-gel networks. It is suggested that HCO, is essential 
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to normal mucin expansion because it forms complexes with 
these cations. Due to defective HCO, secretion in CF, mu- 
cins tend to remain aggregated, poorly solubilized, and less 
transportable. It is tempting to consider that some cases of 
reduced fertility in females might be associated with putative 
mild mutations in this gene with consequent abnormal cer- 
vix-uterine mucus release due to inadequate HCO, secre- 
tion [14, 61, 62]. An example of this condition is the report 
of two infertile sisters with significantly abnormal cervical 
mucus who were found to be compound heterozygote carri- 
ers of the CF AF508 and R117H/7T mutations [13]. 

Many exogenous factors can render the cervical mucus 
hostile to sperm and, therefore, be implicated in the patho- 
physiology of unexplained infertility [12]. Clomiphene ci- 
trate (CC), frequently used to stimulate follicle growth and 
ovulation as a first line therapy in couples with unexplained 
infertility, can interfere with the cervical mucus. Clomiphene 
is structurally similar to estrogen, which allows CC to bind to 
estrogen receptors (ER) throughout the reproductive system. 
In contrast to estrogen, CC binds to nuclear ER for extended 
periods of time, that is, weeks rather than hours, which ul- 
timately depletes ERs by interfering with the normal pro- 
cess of ER replenishment. Acting at the hypothalamic level, 
CC is effective in ovulation induction by inhibiting negative 
feedback of estrogen on gonadotropin release, leading to up- 
regulation of the hypothalamic—pituitary—adrenal axis that, 
in turn, serve to drive ovarian follicular activity. At the same 
time, CC exerts undesirable and unavoidable adverse anti- 
estrogenic effects in the periphery (endocervix and endome- 
trium). Several studies have described that CC has adverse 
effects on the quality and quantity of cervical mucus based 
on cervical mucus score, the value of which is debatable. 
Despite that, available evidence and accumulated clinical ex- 
perience support the notion that any adverse antiestrogenic 
effect presents a significant obstacle for the largest major- 
ity of women treated with ovulation induction drugs [16—-18, 
63, 64]. Another drug that deserves attention is propranolol, 
which accumulates extensively in the cervical mucus after 
oral administration; its concentration is fourfold higher in 
the mucus compared with in the blood. Despite not affect- 
ing mucus production, propranolol accumulation may impair 
sperm motility by its direct effect on sperm membrane ion 
transport and energy production [19, 65—67]. Nicotine and 
its metabolite cotinine are secreted into the cervical mucus, 
and can be found in the mucus even of passive smokers [68, 
69]. A retrospective study evaluating smoking histories of 
901 women with infertility due to different etiologies and 
1264 pregnant women admitted for delivery suggested that 
smoking is a risk factor for cervical factor infertility (relative 
risk= 1.7; 95% confidence interval of 1.0—2.7); however, its 
mechanism of action is unclear [70]. It has been suggested 
that nicotine could have toxic effects on spermatozoa, but in 
vitro studies have noted that the harmful effects of nicotine 
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and cotinine to sperm occurs in extremely high concentra- 
tions, not seen in the seminal plasma or cervical mucus of 
smokers [20, 71]. 


Other Components of Cervical Mucus 


The cervical mucus contains not only mucin but also other 
proteins such as albumin and globulin. The concentration of 
different proteins in the mucus varies during the menstru- 
al cycle, being lowest at ovulation. Morales et al. (1993), 
studying the mucus’ concentration of protein and its ability 
to sustain sperm migration, found that periovulatory mucus 
exhibited low protein concentrations as revealed by sodium 
dodecyl sulphate polyacrylamide gel electrophoresis (SDS- 
PAGE). Most of the soluble proteins found in the cervical 
mucus had their lowest concentration around the periovu- 
latory period, when the mucus is most receptive to sperm 
penetration [72]. The authors of the aforementioned study 
concluded that there is a statistically significant inverse rela- 
tionship between protein concentration in the mucus and its 
ability to sustain sperm migration. 

The mucus also provides local immunity through a unique 
interaction of immunoglobulins (mainly IgA), cytokines, and 
reproductive hormones (estrogen and proegesterone). Also, 
the mucus is a rich source of antimicrobial proteins and pep- 
tides, including secretory leucocyte protease inhibitor (SLPI), 
lysozyme, calprotectin, lactoferrin, human neutophil peptides 
1-3, and epithelial beta-defensin [12, 73]. Increased levels of 
cervical mucus IgA and IgG have been reported in 23 women 
with genital infections caused by N. gonorrhea, T. vaginalis, 
genital herpes, and nonspecific cervicitis in comparison with 
a control group of 23 uninfected women (p<0.001), thus in- 
dicating increased local immune response [74]. Furthermore, 
it has been suggested that leukocytes, mainly neutrophils, 
play a role in both the cervical cellular defense line and the 
“selective” mechanisms of sperm transport through the cer- 
vix (phagocytosis of abnormal spermatozoa) [75]. 

Prostagladins and trace elements also have hormone-de- 
pendent cyclical variation in the cervical mucus during the 
menstrual cycle. Prostaglandins found in the cervical mucus 
are PGE,, PGE,, PGD,, PGF,,, and PGF,„ and their con- 
tents increase in the preovulatory period. However, their 
biological importance remains unclear [76]. Ryantova et al. 
(2008), evaluating PGE, levels in ovulatory cervical mucus 
of 120 women with unexplained miscarriages, found that 
PGE, levels were 6x, 13 x, and 21 x higher in patients with 
one, two, and three or more miscarriages compared with 
controls (p<0.033), respectively [77]. Iron and copper lev- 
els show marked fall from preovulatory to ovulatory phases. 
Interestingly, their levels in the cervical mucus were elevated 
both in patients with primary or secondary infertility couples 
compared with fertile counterparts. The real influence of 
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Table 16.1 Factors affecting fertility at the vaginal and cervical levels 
Vagina Increase in the vaginal pH: alteration in the 
vaginal flora, leading to an increased susceptibil- 
ity to infectious processes (phagocytosis of sperm, 
proinflammatory cytokines) 

Sperm deficiency in neutralizing the vaginal 

pH: hypospermia and deficient-seminal vesicle 
secretion 

Deficiency in sperm liquefaction (e.g., abnormal 
prostatic secretions) 

Use of lubricants toxic to sperm 

Previous surgery (e.g., cauterization, cone biopsy, 
and curettage) 


Cervix 


Infections 
Miillerian abnormalities 
Exogenous: intrauterus diethylstilbestrol (DES) 


Cervical mucus Hormonal: abnormal estrogen levels and prema- 


ture progesterone rise 


Inflammatory: chronic cervicitis/acute inflamma- 
tory conditions 

Genetics: cystic fibrosis 

Exogenous: clomiphene citrate, propranolol, 
nicotine 

Trace elements: excess levels of copper, iron, and 
selenium 

Male-related: asthenozoospermia and abnormal 
morphology 

Immunological: antisperm antibodies in the 
female serum and semen 


these elements in fertility remains unclear, but a spermato- 
toxic effect of copper has been described [55, 78—80]. 

Table 16.1 summarizes the conditions that may affect 
fertility at the vaginal and cervical levels. 


Sperm Transport Through the Cervical Mucus 


Sperm movement inside the cervical mucus occurs primarily 
through the interstitial spaces in the mucin micelles. Sperm 
progression depends mainly on the size of these spaces [81]. 
The spaces between these large glycoproteins reach their 
maximum at the midcycle estrogen peak, when there is an 
increase in mucus production and in its water content [53]. 
Besides hormonal factors, uterine contractions can also 
alter the spaces between these macromolecules by mechani- 
cal pressure. Furthermore, these mechanical forces contrib- 
ute to the orientation of the mucin filaments. It is suggested 
that the outward flow of the cervical mucus establishes a 
linear alignment of parallel strands, creating aqueous chan- 
nels between the filaments that direct sperm upward [2, 7, 
58]. Given this longitudinal orientation, with mucus out- 
flow originating in the crypts of the cervical epithelium, it 
has been postulated that spermatozoa are constrained to 
swim in the direction of least resistance, that is, along the 
tracts of mucus outflow in the direction of the cervical crypts 
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[82, 83]. This theory is in agreement with the notion that sper- 
matozoa entering the cervix are directed toward the cervical 
crypts, which are the sites of mucus secretion that serve as 
possible sperm storage reservoir. The number of spermato- 
zoa within the cervical mucus is relatively constant for the 
first 24 h after coitus. Spermatozoa may retain their fertil- 
izing capacity in the human cervical mucus for up to 48 h and 
their motility for as long as 120 h after ejaculation. However, 
the number of motile sperm within the mucus is markedly 
decreased after 48 h [84-86]. From their temporary storage 
location within the cervical crypts, sperm can be released 
gradually over time, thus enhancing the probability of fertil- 
ization. As the size of the interstices is usually smaller than 
the size of sperm heads, spermatozoa must actively push their 
way through the mucus. Therefore, one cause of infertility, 
presumably, is the reduced sperm progressive motility that 
prevents sperm movement through the mucus [2, 7]. 

It is generally believed that another potentially important 
feature of human cervical mucus is its ability to restrict mi- 
gration of abnormal spermatozoa, thus acting as a “filter” 
that eliminates deficient sperm [21, 87, 88]. It has been 
shown that abnormal sperm have poorer hydrodynamic pro- 
file compared with morphologically normal motile sperm [7, 
21, 87, 88]. Moreover, sperm movement is probably influ- 
enced by the interaction between the mucus and the surface 
properties of the sperm head; for example, sperm antibod- 
ies on the sperm head inhibit sperm movement through the 
mucus [89]. 

Like the vagina, the cervix can assemble immune respons- 
es. Studies have shown that vaginal insemination stimulates 
the migration of leukocytes, particularly neutrophils and 
macrophages, into the cervix as well as into the vagina [90, 
91]. This leukocytic invasion protects against microbes that 
are often seen in the semen, but it does not present a barrier 
to normal sperm under physiological conditions [88]. On the 
other hand, it has been demonstrated that neutrophils bind 
to and ingest human sperm if the female serum contain both 
serological complement and complement-fixing antisperm 
antibodies (ASA) [92]. This process occurs when the female 
becomes immunized against sperm antigens. As already 
mentioned, immunoglobulins, mainly IgG and IgA, have 
been detected in human cervical mucus. Secretory IgA is 
produced locally by plasma cells in subepithelial connective 
tissue. Although immunoglobulins provide protection from 
microorganisms, immunological infertility can occur when 
antibodies present in the cervical mucus recognize sperm- 
bound antigens [93]. Since complement proteins are present 
in the cervical mucus, antibody-mediated sperm destruction 
as well as leukocytic sperm capture may occur [94]. Despite 
the fact that not all ASA are complement-activated, they can 
still interfere with sperm progression by attaching the sperm 
head and avoiding spermatozoa to enter the microarchitec- 
ture of the cervical mucus network [93, 95]. Furthermore, 


the presence of ASA in the male can also result in infertility 
since such antibodies have been shown to affect sperm mo- 
tility and function [22, 23, 36]. 


Conclusions 


A substantial diminution in sperm number occurs as they 
transverse the cervix. From an average of 200 to 300 million 
sperm deposited in the vagina, only a few hundred achieve 
proximity to the oocyte. Given this expected high spermato- 
zoa loss, slight modifications in the vaginal pH and cervical 
mucus may rapidly transform these compounds into a “hos- 
tile” environment that may prevent natural conception and be 
a cause of infertility. Among the several conditions that may 
be involved in the pathophysiology of unexplained infertil- 
ity at the vaginal and cervical levels, physicians should pay 
particular attention to (1) inadequate buffering capacity of 
acid vaginal pH, (2) alterations in cervical anatomy caused 
by surgeries, birth defects, and infections, and (3) alterations 
in the cervical mucus caused by hormonal dysfunctions, in- 
flammatory disorders, CF, exogenous and immunological 
factors. 
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Unexplained Infertility 


Normal results encountered during a standard infertility 
investigation are the hallmark of unexplained infertility. Ap- 
proximately 30-40% of infertile couples will be included 
in this category [1]. While there is not a common definition 
in the literature of “unexplained infertility”, the Practice 
Committee bulletin on effectiveness and treatment for unex- 
plained infertility [2] refers that the basic evaluation “should 
provide evidence” of ovulation, adequate sperm production, 
and patency of the fallopian tubes. 

Basically, a “lack of diagnosis” is what defines unex- 
plained infertility after a normal semen analysis, tubal paten- 
cy (hysterosalpingogram and/or laparoscopy), and normal 
ovulatory function are confirmed. Other causes for unex- 
plained infertility may be explained on the basis of endo- 
crinology, immunology, genetic, or reproductive physiology 
[3]. 

Obviously, with the crudeness of this evaluation described 
above coupled with the complexity of reproduction, this 
problem is ripe for further exploration to uncover a number 
of abnormalities that currently remain without diagnosis. 

The current assessment of the reproductive system in 
humans is far from perfect and some authors claim that the 
term “unexplained infertility” should be abandoned as it 
depends on the quantity and quality of the diagnostic tests 
performed in the couple [4]. 

Some of these patients with the diagnosis of unexplained 
infertility may have an altered endometrial function resulting 
in an impaired dialogue between the embryo and the endo- 
metrium. We will try to look at this problem in more detail 
in this chapter. 
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Embryo Implantation 


Implantation is an extremely complex and yet elusive series 
of processes in which the blastocyst successfully communi- 
cates with the receptive endometrium. Synchrony between 
the development of the embryo and the changing endometri- 
um is indispensable for a successful implantation (Fig. 17.1). 

Three phases have been described in the human implan- 
tation process: apposition, adhesion (attachment), and inva- 
sion (penetration). The blastocyst communicates with the 
endometrium in the apposition phase. During the adhesion 
and invasion phases, the blastocyst attaches itself to the epi- 
thelium, orients itself 3-dimensionally and finally invades 
the underlying endometrial surface establishing a vascular 
relationship. 

After 17B-estradiol priming for endometrial development 
and subsequent progesterone exposure, the endometrium be- 
comes receptive for only a limited period of time. This win- 
dow appears to be between days 19 and 21 of an idealized 
28 day cycle (luteinizing hormone (LH) +5 and 7). The dy- 
namic changes in the endometrium described below enables 
embryo implantation. 

Structural and molecular changes occur in the endome- 
trium in the secretory phase during the WOI. Endocrine, 
paracrine, and autocrine factors are involved between the 
maternal tissue and the implanting blastocyst in a “cross- 
talk” that performs with limited efficiency in humans. 
Implantation requires the synchronous development of a 
competent blastocyst and an endometrium able to respond to 
the signals from the blastocyst [5]. The endometrium, with 
its orchestrated series of changes in preparation for implanta- 
tion, will be destroyed leading to menstruation if the blasto- 
cyst fails to implant. 

Endometrial receptivity is compounded of morphological 
features, molecular basis, and genetic evidence. Many ap- 
proaches to assessing endometrial maturation and receptivity 
have been described and are outlined below along with their 
limitations [6, 7]. 


G. L. Schattman et al. (eds.), Unexplained Infertility, DOI 10.1007/978-1-4939-2140-9_17, 185 


© Springer Science+Business Media, LLC 2015 


186 


Fig. 17.1 Early stage of blastocyst implantation 


Morphology 
Ultrasound 


In contrast with invasive techniques, transvaginal ultrasound 
examination is a simple method to measure the structure of 
the endometrium. Three key aspects can be assessed with 
ultrasound: structure, contractility, and uterine perfusion. 


Structure 

The endometrium starts to thicken from a single thin line after 
menstruation under an estrogenic influence. It will achieve a 
hypoechoic, trilaminar appearance at the end of the follicular 
phase. After ovulation the change to a secretory state starts 
by increasing its echogenicity beginning at the periphery and 
progressing toward the midline [8]. More structural changes 
during the luteal phase will continue to transform the endo- 
metrium to a homogenous and hyperechoic pattern relative to 
the myometrium. There is only a slight increase in endome- 
trial thickness during the transition from the mid-follicular 
to the secretory phase. Data from stimulated and IVF cycles 
regarding the thickness of the endometrium are conflicting. 
There seems to be a minimal thickness of about 5 mm below 
which implantation rarely occurs. Although, data from an- 
other study [9] show relatively high success rates with very 
poor endometrial development, the number of patients was 
relatively low. Although, studies on endometrial volume 
measurements with three-dimensional ultrasound show con- 
tradictory results, most of them conclude that endometrial 
volume does not predict endometrial receptivity [10]. 

The endometrial pattern at the time of human chorionic 
gonadotropin triggering has shown better correlation to im- 
plantation than endometrial volume [11]. The highest preg- 
nancy rates were achieved in patients who had a trilaminar 
appearing endometrium when compared with the homoge- 
nous pattern. Unfortunately, most of this data on endometrial 
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appearance derives from ovulation induction with either oral 
agents or injectable gonadotropins, and extrapolating this 
data with multifollicular development and supraphysiologic 
hormone levels may not be valid compared to the natural 
cycle. The change to a secretory appearance may be a reflec- 
tion of a rise in progesterone (perhaps premature) rather than 
an intrinsic defect of the endometrium. 


Contractility 

The study of uterine myometrial contractions has shown 
that there is a reduction in uterine contraction frequency in 
the mid-luteal phase. Increased wavelike activity may act 
against implantation in natural cycles [12]. Higher frequen- 
cy and amplitude contractions lowered implantation rates of 
transferred day three embryos in an ART study. Neverthe- 
less, it is difficult to extrapolate the results of this study to 
patients with unexplained infertility. 


Uterine Perfusion 

An adequate uterine and endometrial blood flow has long 
been considered a marker of endometrial receptivity. Few 
studies have been done with conflicting results. One study 
showed a reduction in endometrial vascular perfusion (vas- 
cularization index (VI)) that represents the relative propor- 
tion of power Doppler data within the defined volume and 
flow index (FI) that is the mean signal intensity of this power 
Doppler information) in patients with unexplained infertility 
irrespective of serum hormone concentrations [13]. 


Histology 


The first criteria for endometrial “dating” were established 
more than 60 years ago by Noyes et al. and are still in use 
today [14]. There are, however, significant limitations of this 
test described below. Other endometrial tests to evaluate the 
chance for successful implantation are now available [15]. 

The morphological description of specific histologic fea- 
tures in the endometrium throughout the menstrual cycle and 
that change following progesterone exposure has been con- 
sidered the gold standard test for diagnosis of luteal phase 
defect. These criteria are still in use for endometrial dating, 
nevertheless their accuracy as a predictor of endometrial re- 
ceptivity has been questioned. Balasch et al. evaluated more 
than 1000 endometrial biopsies showing that luteal phase as- 
sessment by histological dating was not related to outcome 
(pregnancy) in infertile patients [16]. 

The interobserver variation and difficulties in interpreta- 
tion of the described histologic changes, much like the de- 
scription in the original paper, limit its use in the clinical 
setting [17, 18]. Murray included in their study normal cy- 
cling and proven fertile women in contrast to the population 
evaluated in the study by Noyes et al. Relevant findings in 
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this study included: (a) abnormal and delayed endometrium 
is common even in fertile women; (b) between-cycle varia- 
tions in the histology of the secretory endometrium are as 
common in fertile women as in infertile women; and (c) in- 
terobserver variability among different pathologists is com- 
mon, which may change the diagnosis and subsequently 
treatment. Although the methodology employed in this study 
was more rigorous than what is used in clinical practice, they 
concluded that traditional histologic dating is not a valid tool 
to diagnose luteal phase defect or to guide treatment for pa- 
tients with reproductive failure. 

Similar conclusions were achieved by Coutifaris et al. 
[19] in 2004 after the evaluation of 619 biopsies in volun- 
teers in a multicenter, randomized prospective study. Histo- 
logic dating was not able to discriminate between a fertile or 
infertile status, and therefore they postulate that timed endo- 
metrial biopsy followed by dating of the endometrium does 
not provide clinically useful information as a screening test. 

Unfortunately, in the endometrial evaluation of unex- 
plained infertility, endometrial histology is not a reliable 
diagnostic test and is therefore not included in most clinics 
first line investigations in couples with unexplained infertil- 


ity. 


Pinopodes 


Pinopodes (pinopods or uterodomes) identified on scanning 
electron microscopy (SEM) have been suggested to be ul- 
trastructural markers of endometrial receptivity. They were 
first described in the rat in 1973 [20], and soon proposed as 
reliable biomarkers of the human WOI. 

Pinopodes are smooth or balloon-like structures that arise 
from the apical surface of the luminal epithelium of the en- 
dometrium in response to progesterone around the time that 
implantation would be occurring. There is no consensus in 
the literature as to the timing, function, and clinical value of 
pinopodes. The quantification of pinopodes is also subjec- 
tive, and the absence may be interpreted differently as they 
may have disappeared or not even yet appeared. Due to the 
inconsistency of pinopode expression during the WOI as 
well as the requirement of SEM to evaluate for the presence 
or absence of pinopodes, this does not appear to be useful in 
the human as a reliable and consistent marker of endometrial 
receptivity [21]. 


Biomarkers 
A number of factors produced by the endometrium during 


the so-called window of implantation (WOT) have been con- 
sidered molecular biomarkers of endometrial receptivity. 
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Cytokines 


Many cytokines participate in implantation [22]. Interleukin 
(IL)-1, IL-11, IL-6, IL-10, IL-15, IL-18, leukemia inhibitory 
factor (LIF), colony-stimulating factor (CSF), tumour necro- 
sis factor (TNF), and transforming growth factor-beta (TGF- 
beta) have all been shown to play essential roles in human 
implantation. 


Interleukin-1 

IL-1 is a proinflamatory cytokine located in multiple tissues. 
It is present in the human endometrium and in the maternal- 
trophoblast interface during implantation. The importance of 
this molecule was shown by the use of IL-1 receptor antago- 
nist significantly reducing the number of implanted embryos 
in mice [23]. 


Interleukin-6 

IL-6 is expressed during the proliferative phase and reach- 
es its peak during the mid-secretory phase. The activity of 
IL-6 is mediated by a high affinity receptor complex with 
two membrane proteins (IL-6R and gp130). The IL-6-R is 
predominantly localized in glandular epithelium, and to a 
lesser extent in the stroma, throughout the menstrual cycle 
[24]. IL-6 secretion has been measured in endometrial bi- 
opsies comparing fertile and infertile women in day LH+6 
and LH+ 13 finding no difference. However, the level of se- 
cretion varied enormously from patient to patient. Neverthe- 
less significantly lower levels of sgp130 were secreted by 
endometrial biopsies taken between days LH +6 and LH+ 13 
in the infertile patient group compared with fertile controls 
[25]: 

Endometrial biopsies in the mid-secretory phase from 
women with proven fertility and women with recurrent mis- 
carriage were compared in another study. It showed a re- 
duced IL-6 mRNA and IL-1 mRNA expression in women 
with recurrent miscarriage [26]. 

Cytokine profiling of endometrial secretions may offer 
a novel approach in the study of the endometrial factor in 
human implantation [27]. This study showed that a profile 
of mediators (17 soluble cytokines, chemokines, and growth 
factors) involved in implantation and endometrial matura- 
tion could be quantified in endometrial secretions aspirated 
with the embryo transfer catheter prior to an embryo transfer. 
It was also confirmed that this technique was safe and can be 
used in the clinical setting (sufficient material for analysis in 
99.5 % of cases). 


Leukemia Inhibitory Factor 

LIF is a multifunctional cytokine of the IL-6 family. LIF 
expression is low in the endometrium during the follicular 
phase. It rises after ovulation and reaches its maximal ex- 
pression during the mid-late secretory phase. LIF mRNA is 
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expressed on days 18-28 (LH+4 to LH+14) of the men- 
strual cycle in the endometrium of fertile women [28]. The 
blastocyst also expresses LIF receptor, which highlights the 
essential crosstalk between both agents in the implantation 
process. LIF acts through specific receptors on the cell sur- 
face sharing gp130 subunit as a common accessory signal 
transduction molecule [29]. Measurement of LIF secretion 
in uterine flushing samples is a noninvasive technique that 
has been used to determine LIF concentration during the late 
luteal phase in different studies. Mutations in the LIF gene 
have also been described in nulligravid infertile women, 
and may be related with transcription abnormalities and de- 
creased LIF expression [28]. 

In women with unexplained infertility several studies 
have shown lower LIF concentrations compared to fertile 
women in uterine flushings, and also in endometrial ex- 
plants, especially during the implantation window [30-32]. 

A recent study has been designed to investigate the 
expression of LIF and its receptor subunit gp130 in endo- 
metrium of infertile women in uterine flushing during the 
implantation window in patients with primary unexplained 
infertility [33]. LIF mRNA was expressed in the endome- 
trium of all normal fertile women but was significantly de- 
creased in infertile women. LIF was not detectable in 88 % of 
samples collected from infertile women. Gp130 mRNA was 
hardly detectable in both fertile and infertile women with no 
difference between them. Infertile women secreted signifi- 
cantly less LIF and gp130 molecules in the uterine flushing 
compared with normal fertile women. They concluded that 
the measurement of secreted LIF and gp130 molecules in 
uterine flushing could be another useful technique for pre- 
dicting successful implantation. 

Unfortunately, what appears to be a breakthrough in the 
laboratory does not always translate into clinical benefit. In 
a randomized controlled trial, the use of this molecular bio- 
marker and supplementing women with rLIF in patients with 
unexplained implantation failure did not improve implanta- 
tion or pregnancy rates compared with placebo [34]. Mea- 
surement of LIF concentrations in endometrial secretions 
and addition of LIF to culture media or into the endometrium 
at the time of embryo transfer are still in need of further in- 
vestigation. 


Cellular Adhesion Molecules Family 
Integrins 


Integrins are one of the families of the cell adhesion mol- 
ecules (CAM). Integrin B-3 expression is up-regulated dur- 
ing the WOI, while a-4 integrin is down-regulated in the 
same period of time. Integrin avß3 and its ligand osteo- 
pontin (OPN) have been extensively studied. Apart from 
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immunohistochemical methods, Horcajadas et al. showed 
that OPN is up-regulated during the WOI when compared 
with both the late proliferative phase and the early secretory 
phase with microarray technology [35]. Abnormal integrin 
expression was found in women with unexplained infertility 
[36, 37]. It has also been described an aberrant expression of 
avß3 integrin in patients with endometriosis and absence of 
expression in patients with IVF failure but adequate embryo 
quality and/or endometriosis. The hypothesis that this mark- 
er would return after a 3-month course of GnRH agonist, and 
that this would predict which patients with endometriosis 
would benefit from the treatment before an IVF cycle could 
not be proven [38]. 


Selectins 

Selectins are a group of CAM’s that includes P-selectin, L- 
selectin, and E-selectin. Selectins seem to take part in the 
very early stages of blastocyst interaction with the mater- 
nal endometrial epithelium. L-selectine consists of a large, 
highly glycosylated extracellular domain, a single spanning 
trans-membrane domain, and a small cytoplasmic tail. It is 
expressed on vessel walls capturing leukocytes and binding 
them after activation at the site where they are needed [39]. 
A similar hypothesis can be made between leukocyte’s “roll- 
ing” phenomenon and the blastocyst apposition to the en- 
dometrial epithelium [40]. Selecting oligosaccharide-based 
ligand expression is also up-regulated during the WOI [41]. 
Immunohistochemical techniques of uterine epithelium for 
the expression of selectin ligands (MECA-79 and HECA- 
452) were compared in fertile women and in patients with 
unexplained infertility [42]. During the secretory phase in 
natural cycles, MECA-79 was more strongly expressed in 
fertile women compared to infertile patients. It was also 
shown that the expression of GIcNAc6ST-2 is decreased in 
infertile patients when compared with fertile women, which 
correlates with the decrease in MECA-79 expression. 

The expression of L-Selectin was also compared in a pilot 
study in 20 patients with recurrent implantation failure and 
20 fertile women [43]. In the RIF patients, those with nega- 
tive result for the MECA-79 tests did not become pregnant, 
postulating that screening for the absence of this ligand may 
identify a poor prognosis group of patients. 


Growth Factors 


In the vast families of growth factors, the members of the 
epidermal growth factor (EGF) family, and the insulin-like 
growth factors (IGF) play decisive roles in the implantation 
process. Heparin-binding epidermal growth factor (HB- 
EGF) plays a role in implantation and embryonic develop- 
ment reaching its maximal expression during the period of 
endometrial receptivity [44, 45]. Following the hypothesis 


17 Role of Endometrial Receptivity in Unexplained Infertility 


that women with unexplained infertility may show deficien- 
cies in a series of biochemical markers reflecting impaired 
endometrial development, Aghajova studied HB-EGF endo- 
metrial expression. They compared the endometrium from 
women with unexplained infertility with endometrium from 
women with male factor infertility or healthy fertile controls. 
HB-EGF expression was lower in women with unexplained 
infertility and the authors postulated that abnormal expres- 
sion of this member of the EGF family may contribute to 
infertility in some patients with unexplained infertility [46]. 


Proprotein Convertase 5/6 (PC6) 


PC6 is a serine protease, which has an essential role as a 
regulator for implantation [47]. PC6 achieves its maximum 
expression during the WOI. 

Uterine lavages were obtained in patients (n=103) di- 
agnosed with unexplained infertility and compared to fer- 
tile controls in a recent study. In a subgroup of unexplained 
infertility patients, the PC6 activity was significantly lower 
than the activity in another group of unexplained infertility 
patients and highly significantly lower than fertile women. 
Unfortunately, there is not a description of the two subgroups 
of patients with unexplained infertility with such a different 
PC6 activity. The assessment of PC6 with in uterine fluid 
may lead to the establishment a less invasive marker for the 
evaluation of endometrial receptivity [48], although no treat- 
ment exists for those with reduced levels. 


Molecular Approaches 


New molecular technologies are being used to identify bio- 
markers of the WOI and thus to assess endometrial receptiv- 
ity. During the last decade global gene expression analysis 
has tried to identify genes associated with human endometri- 
al receptivity [49-59]. Many different genes have been eval- 
uated and only a small fraction of them have been selected 
for their potential role in the endometrial receptivity. Select- 
ing specific sets of genes important during the WOI is made 
more difficult due to discrepancies among studies in design, 
data analysis, and microarray platforms. Altmäe et al. pub- 
lished their experience in 2010 comparing endometrial bi- 
opsy samples from healthy women with proven fertility and 
patients with unexplained infertility demonstrating that the 
endometrial gene expression pattern at the time of implanta- 
tion is different between these two populations of patients 
[60]. The endometrial samples were obtained on cycle day 
LH+7. Microarray analysis was performed using the Whole 
Human Genome Oligo Microarray (Agilent Technologies) 
and gene expression profiles were compared. A total of 260 
differentially expressed genes were identified, 145 were 
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significantly up-regulated and 115 down-regulated in the en- 
dometria of infertile patients compared with fertile controls. 
Among other findings, there was a significant dysregulation 
in the leukocyte extravasation-signaling pathway in infertile 
women, in concordance with previous studies [40]. 

The experience of our group in this field led to the de- 
velopment of a customized gene expression microarray—en- 
dometrial receptivity array (ERA), a bioinformatic predictor 
for endometrial dating and in addition to define a transcrip- 
tomic signature for human endometrial receptivity [61]. 

Previous work from our group analyzed the different gene 
expression profile between prereceptive and receptive endo- 
metrium [62] in healthy fertile donors and IVF patients. The 
raw expression data from this study were used to select the 
candidate genes using endometrial samples from a prerecep- 
tive group LH+1, LH+3, and LH+5 and a receptive group 
LH+7. A total of 238 genes were found to be differentially 
expressed in the receptive phase, and therefore included in 
the ERA design. 

Once the ERA was designed, another set of endometrial 
biopsies (training set) was used to train the predictor [61] 
to date the endometrium and to define the receptivity ex- 
pression signature. This new set of sample came from fer- 
tile women in different moments during the cycle (receptive 
LH+7, prereceptive LH+1 to LH+5, and proliferative day 
8-12 of the cycle) and also from patients with pathology in 
LH+7 (implantation failure and hydrosalpinx). 

A clustering of the ERA genes in the different scenarios in 
the cycle was performed to detect similar expressions from 
the proliferative to the secretory phase. In order to define the 
transcriptomic signature for endometrial receptivity, differ- 
ent gene expressions in ERA were compared: receptive vs. 
prereceptive and receptive vs. proliferative. A total of 134 
genes with statistically significance resulted from these com- 
parisons isolating 74 up-regulated and 60 down-regulated 
genes. In our study, the endometrial dating classify an LH+7 
endometrium (R) in transcriptomic terms with a specificity 
and sensitivity of 0.8857 and 0.99758, respectively; and a 
specificity of 0.1571 and a sensitivity of 0.995 for the patho- 
logical classification. 

The limitations of the histological dating are confirmed 
once again in the comparison with the ERA [63], chang- 
ing the point of view and initiating a transformation from 
the anatomic to molecular medicine. Our group compared 
the endometrial dating according to the histologic features 
(Noyes criteria) between two pathologists and the ERA pre- 
dictor in samples from oocyte donors. Also, a reproducibility 
study was performed in a small group with samples obtained 
in the same day of the cycle 29-40 months later. The results 
of this study showed that the ERA was more accurate than 
histologic dating and that the reproducibility of the ERA test 
was 100% consistent. 
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Table 17.1 Usefulness of specific diagnostic tools for endometrial 
receptivity 


Usefulness 

Morphological studies US $ 

Histology = 

Pinopodes = 
Biomarkers Cytokines + 

CAM + 

Growth factors + 
Molecular tests ERA ++ 


CAM cell adhesion molecules, ERA endometrial receptivity array 


The ERA test is included in the clinical protocol of im- 
plantation failure in our group as it has been proven an ac- 
curate method to discriminate among patients with receptive 
and nonreceptive endometrium on day LH+7, or after 5 days 
of progesterone in a programmed cycle [63]. Nevertheless in 
terms of implantation, the clinical relevance of this molecu- 
lar tool for endometrial receptivity has not been yet eluci- 
dated in randomized controlled trials. 


Conclusions 


Human embryo implantation is not completely understood. 
A number of defects in the endometrium have been iden- 
tified and may play a decisive role in identifying a cause 
of unexplained infertility. Histologic tests are not reliable, 
and endometrial biopsies or aspirates to identify a single bio- 
marker have limited usefulness in the clinical setting. The 
use of the ultrasound examination provides limited informa- 
tion about endometrial appearance and some correlation to 
implantation potential but the picture is incomplete. Molecu- 
lar gene expression tools are being investigated for the pos- 
sible diagnosis of endometrial abnormalities as a cause for 
previously unexplained infertility (Table 17.1). 


References 


1. Smith S, Pfiefer SM, Collins J. Diagnosis and management of 
female infertility. JAMA. 2003;290(13):1767—70. 

2. ASRM. Diagnostic evaluation of the infertile female: a committee 
opinion. Fertil Steril. 2012;98:302-7. 

3. Pellicer A, Albert C, Mercader A, Bonilla-Musoles F, Remohi J, 
Simon C. The follicular and endocrine environment in women with 
endometriosis: local and systematic cytokine production. Fertil 
Steril. 1998;70:425-31. 

4. Gleicher N, Barad D. Unexplained infertility: does it really exist? 
Hum Reprod. 2006;21(8):1951—S. 

5. Nardo LG, Li TC, Edwards RG. Introduction: human embryo 
implantation failure and recurrent miscarriage: basic science and 
clinical practice. Reprod Biomed Online. 2006;13:11-2. 

6. Achache H, Revel A. Endometrial receptivity markers, the jour- 
ney to successful embryo implantation. Hum Reprod Update. 
2006; 12:731-46. 

7. Diedrich K, Fauser BCJM, Devroey P, et al. On behalf of the Evian 
Annual Reproduction (EVAR) workshop group: the role of the 
endometrium and embryo in human implantation. Hum Reprod 
Update. 2007;13:365-77. 


10. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


A. G. Anton and J. A. Garcia Velasco 


Killick SR. Ultrasound and the receptivity of the endometrium. 
Reprod Biomed Online. 2007;15(1):63-7. 

Richter KS, Bugge KR, Bromer JG, Levy MJ. Relationship be- 
tween endometrial thickness and embryo implantation, based on 
1294 cycles of in vitro fertilization with transfer of two blasto- 
cyst-stage embryos. Fertil Steril. 2007;87(1):53-9. 

Alcazar JL. Three-dimensional ultrasound assessment of endome- 
trial receptivity: a review. Reprod Biol Endocrinol. 2006;4:56. 
Kupesic S, Bekavac I, Bjelos D, Kurjak A. Assessment of endo- 
metrial receptivity by transvaginal color doppler and three- dimen- 
sional power doppler ultrasonography in patients undergoing in 
vitro fertilization procedures. J Ultrasound Med. 2001;20:125-34. 
Tjland MM, Evers JL, Hoogland HJ. Velocity of endometrial wave- 
like activity in spontaneous cycle. Fertil Steril. 1997;68:72-S. 
Raine-Fenning NJ, Campbell BK, Kendall NR, et al. Endometrial 
and subendometrial perfusion are impaired in women with unex- 
plained subfertility. Hum Reprod. 2004;19:2605-14. 

Noyes RW, Hertig AT, Rock J. Dating the endometrial biopsy. 
Fertil Steril. 1950;1:3-17. 

Ray A, Shah A, Gudi A, Homburg R. Unexplained infertil- 
ity: an update and review of practice. Reprod Biomed Online. 
2012;24(6):59 1-602. 

Noyes RW, Hertig AT, Rock J. Dating the endometrial biopsy. 
Fertil Steril. 1950;1:3-17. 

Balasch J, Fabregues F, Creus M, Vanrell JA. The usefulness of 
endometrial biopsy for luteal phase evaluation in infertility. Hum 
Reprod. 1992;7(7):973-7. 

Murray MJ, Meyer WR, Zaino RJ, Lessey BA, Novotny DB, 
Ireland K, et al. A critical analysis of the accuracy, reproducibil- 
ity, and clinical utility of histologic endometrial dating in fertile 
women. Fertil Steril. 2004;81:1333-43. 

Coutifaris C, Myers ER, Guzick DS, Diamond MP, Carson SA, 
Legro RS, et al. Histological dating of timed endometrial biopsy tis- 
sue is not related to fertility status. Fertil Steril. 2004;82:1264—72. 
Enders AC, Nelson DM. Pinocytotic activity of the uterus of the 
rat. Am J Anat. 1973;138:277-99. 

Quinn CE, Casper RF. Pinopodes: a questionable role in endome- 
trial receptivity. Hum Reprod Update. 2009;15:229-36. 
Dimitriadis E, White CA, Jones RL, Salamonsen LA. Cytokines, 
chemokines and growth factors in endometrium related to implan- 
tation. Hum Reprod Update. 2005;11:613-30. 

Simon C, Caballero-Campo P, Garcia-Velasco JA, Pellicer A. 
Potential implications of chemokines in reproductive function: an 
attractive idea. J Reprod Immunol. 1998;38:169-93. 

Tabibzadeh S, Babaknia A. The signals and molecular pathways 
involved in implantation, a symbiotic interaction between blas- 
tocyst and endometrium involving adhesion and tissue invasion. 
Hum Reprod. 1995;10:1579-602. 

Sherwin JR, Smith SK, Wilson A, Sharkey AM. Soluble gp130 
is up-regulated in the implantation window and shows altered 
secretion in patients with primary unexplained infertility. J Clin 
Endocrinol Metab. 2002;87:3953-60. 

Jasper MJ, Tremellen KP, Robertson SA. Reduced expres- 
sion of IL-6 and IL-lalpha mRNAs in secretory phase endome- 
trium of women with recurrent miscarriage. J Reprod Immunol. 
2007;73:74-84. 

Boomsma CM, Kavelaars A, Eijkemans MJ, Amarouchi K, 
Teklenburg G, Gutknecht D, Fauser BJ, Heijnen CJ, Macklon 
NS. Cytokine profiling in endometrial secretions: a non-invasive 
window on endometrial receptivity. Reprod Biomed Online. 
2009; 18(1):85—94. 

Arici A, Engin O, Attar E, Olive DL. Modulation of leukemia in- 
hibitory factor gene expression and protein biosynthesis in human 
endometrium. J Clin Endocrinol Metab. 1995;80(6):1908-15. 
Steck T, Giess R, Suetterlin MW, Bolland M, Wiest S, Poehls UG, 
Dietl J. Leukemia inhibitory factor (LIF) gene mutations in wom- 
en with unexplained infertility and recurrent failure of implanta- 
tion after IVF and embryo transfer. Eur J Obstet Gynecol Reprod 
Biol. 2004;112:69-73. 


30. 


31. 


32. 


33: 


34. 


35; 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


Role of Endometrial Receptivity in Unexplained Infertility 


Laird SM, Tuckerman EM, Dalton CF, Dunphy BC, Li TC, 
Zhang X. The production of leukemia inhibitory factor by human 
endometrium: presence in uterine flushing and production by cells 
in culture. Hum Reprod. 1997;12:569-74. 

Dimitriadis E, Stoikos C, Stafford-Bell M, Clark I, Paiva P, Ko- 
vacs G, Salamonsen LA. Interleukin-11, IL-11 receptor a and 
leukemia inhibitory factor are dysregulated in endometrium of 
infertile women with endometriosis during implantation window. 
J Reprod Immunol. 2006;69:53—64. 

Hambartsoumain E. Endometrial leukemia inhibitory factor as a 
possible cause of unexplained infertility and multiple failures of 
implantation. Am J Reprod Immunol. 1998;39:137—43. 

Tawfeek MA, Eid MA, Hasan AM, Mostafa M, El-Serogy HA. 
Assessment of leukemia inhibitory factor and glycoprotein 130 
expression in endometrium and uterine flushing: a possible di- 
agnostic tool for impaired fertility. BMC Womens Health. 
2012;12:10. 

Brinsden PR, Alam V, de Moustier B, Engrand P. Recombinant 
human leukemia inhibitory factor does not improve implantation 
and pregnancy outcomes after assisted reproductive techniques 
in women with recurrent unexplained implantation failure. Fertil 
Steril. 2009;91:1445-7. 

Horcajadas JA, Riesewijk A, Dominguez F, Cervero A, Pellicer A, 
Simon C. Determinants of endometrial receptivity. Ann N Y Acad 
Sci. 2004;1034:166-75. 

Lessey BA, Castelbaum AJ, Sawin SW, Sun J. Integrins as mark- 
ers of uterine receptivity in women with primary unexplained in- 
fertility. Fertil Steril. 1995;63(3):535—42. 

Klentzeris LD, Bulmer JN, Trejdosiewicz LK, Morrison L, Cooke 
ID. Beta-1 integrin cell adhesion molecules in the endometrium of 
fertile and infertile women. Hum Reprod. 1993;8:1223-30. 
Surrey E, Lietz A, Gustofson R, Minjarez D, Schoolcraft W. Does 
endometrial integrin expression in endometriosis patients predict 
enhanced in vitro fertilization cycle outcomes after prolonged 
GnRH agonist therapy? Fertil Steril. 2010;93(2):646—51. 

Alon R, Feigelson S. From rolling to arrest on blood vessels: 
leukocyte tap dancing on endothelial integrin ligands and chemo- 
kines at sub-second contacts. Semin Immunol. 2002;14:93-104. 
Dominguez F, Yanez-Mo M, Sanchez-Madrid F, Simon C. Em- 
bryonic implantation and leukocyte transendothelial migration: 
different processes with similar players? FASEB J. 2005;19: 
1056-60. 

Genbacev OD, Prakobphol A, Foulk RA, Krtolica AR, Ilic D, 
Singer MS, Yang ZQ, Kiessling LL, Rosen SD, Fisher SJ. Tro- 
phoblast L-selectin- mediated adhesion at the maternal—fetal in- 
terface. Science. 2003;299:405-8. 

Margarit L, Gonzalez D, Lewis PD, Hopkins L, Davies C, Conlan 
RS, et al. L-selectin ligands in human endometrium: comparison 
of fertile and infertile subjects. Hum Reprod. 2009;24:2767-77. 
Foulk RA, Zdravkovic T, Genbacev O, Prakobphol A. Expression 
of L-selectin ligand MECA-79 as a predictive marker of human 
uterine receptivity. J Assist Reprod Genet. 2007;24:316—21. 
Leach RE, Khalifa R, Ramirez ND, et al. Multiple roles for 
heparin-binding epidermal growth factor-like growth factor are 
suggested by its cell-specific expression during the human en- 
dometrial cycle and early placentation. J Clin Endocrinol Metab. 
1999;84:3355-63. 

Yoo HJ, Barlow DH, Mardon HJ. Temporal and spatial regula- 
tion of expression of heparin-binding epidermal growth factor- 
like growth factor in the human endometrium: a possible role in 
blastocyst implantation. Dev Genet. 1997;21:102-8. 

Aghajanova L, Bjuresten K, Altmäe S, Landgren BM, Stavreus- 
Evers A. HB-EGF but not amphiregulin or their receptors HER1 
and HER4 is altered in endometrium of women with unexplained 
infertility. Reprod Sci. 2008;15(5):484-92. 

Nie G, Li Y, Wang M, Liu YX, Findlay JK, Salamonsen LA. 
Inhibiting uterine pc6 blocks embryo implantation: an obliga- 
tory role for a proprotein convertase in fertility. Biol Reprod. 
2005;72:1029-36. 


48. 


49. 


50. 


51. 


32; 


53. 


54. 


55. 


56. 


=e 


58. 


59. 


60. 


6l. 


62. 


63. 


191 


Heng S, Hannan NJ, Rombauts LJ, Salamonsen LA, Nie G. PC6 
levels in uterine lavage are closely associated with uterine recep- 
tivity and significantly lower in a subgroup of women with unex- 
plained infertility. Hum Reprod. 2011;26(4):840-6. 

Carson DD, Lagow E, Thathiah A, Al-Shami R, Farach-Carson 
MC, Vernon M, Yuan L, Fritz MA, Lessey B. Changes in gene 
expression during the early to mid-luteal (receptive phase) transi- 
tion in human endometrium detected by high-density microarray 
screening. Mol Hum Reprod. 2002;8:871-9. 

Kao LC, Tulac S, Lobo S, Imani B, Yang JP, Germeyer A, Osteen 
K, Taylor RN, Lessey BA, Giudice LC. Global gene profiling in 
human endometrium during the window of implantation. Endocri- 
nology. 2002;143:2119-38. 

Borthwick JM, Charnock-Jones DS, Tom BD, Hull ML, Teirney 
R, Phillips SC, Smith SK. Determination of the transcript profile 
of human endometrium. Mol Hum Reprod. 2003;9:19-33. 
Riesewijk A, Martin J, van Os R, Horcajadas JA, Polman J, Pel- 
licer A, Mosselman S, Simon C. Gene expression profiling of hu- 
man endometrial receptivity on days LH þ 2 versus LH pb 7 by 
microarray technology. Mol Hum Reprod. 2003;9:253—64. 
Horcajadas JA, Riesewijk A, Martin J, Cervero A, Mosselman S, 
Pellicer A, Simon C. Global gene expression profiling of human 
endometrial receptivity. J Reprod Immunol. 2004;63:41-9. 
Mirkin S, Arslan M, Churikov D, Corica A, Diaz JI, Williams S, 
Bocca S, Oehninger S. In search of candidate genes critically ex- 
pressed in the human endometrium during the window of implan- 
tation. Hum Reprod. 2005;20:2104—17. 

Simon C, Oberye J, Bellver J, Vidal C, Bosch E, Horcajadas JA, 
Murphy C, Adams S, Riesewijk A, Mannaerts B, et al. Similar 
endometrial development in oocyte donors treated with either 
high- or standard-dose GnRH antagonist compared to treatment 
with a GnRH agonist or in natural cycles. Hum Reprod. 2005;20: 
3318-27. 

Talbi S, Hamilton AE, Vo KC, Tulac S, Overgaard MT, Dosiou C, 
Le Shay N, Nezhat CN, Kempson R, Lessey BA, et al. Molecu- 
lar phenotyping of human endometrium distinguishes menstrual 
cycle phases and underlying biological processes in normo-ovula- 
tory women. Endocrinology. 2006;147:1097-121. 

Feroze-Zaidi F, Fusi L, Takano M, Higham J, Salker MS, Goto 
T, Edassery S, Klingel K, Boini KM, Palmada M, et al. Role and 
regulation of the serum- and glucocorticoid-regulated kinase 
1 in fertile and infertile human endometrium. Endocrinology. 
2007;148:5020-9. 

Haouzi D, Assou S, Mahmoud K, Tondeur S, Reme T, 
Hedon B, De Vos J, Hamamah S. Gene expression profile of 
human endometrial receptivity: comparison between natural 
and stimulated cycles for the same patients. Hum Reprod. 
2009;24:1436-45. 

Haouzi D, Mahmoud K, Fourar M, Bendhaou K, Dechaud H, De 
Vos J, Reme T, Dewailly D, Hamamah S. Identification of new 
biomarkers of human endometrial receptivity in the natural cycle. 
Hum Reprod. 2009;24:198-205. 

Altmäe S, Martinez-Conejero JA, Salumets A, Simon C, Hor- 
cajadas JA, Stavreus-Evers A. Endometrial gene expression 
analysis at the time of embryo implantation in women with unex- 
plained infertility. Mol Hum Reprod. 2010;16(3):178-87. 
Diaz-Gimeno P, Horcajadas JA, Martinez-Conejero JA, Esteban 
FJ, Alama P, Pellicer A, et al. A genomic diagnostic tool for hu- 
man endometrial receptivity based on the transcriptomic signa- 
ture. Fertil Steril. 2011;95:50-60. 

Horcajadas JA, Riesewijk A, Minguez P, Dopazo J, Esteban FJ, 
Dominguez F, et al. Controlled ovarian stimulation induces a 
functional genomic delay of the endometrium with potential clini- 
cal implications. J Clin Endocrinol Metab. 2008;93:4500-10. 
Diaz-Gimeno P, Ruiz-Alonso M, Blesa D, Bosch N, Martinez- 
Conejero JA, Alama P, Garrido N, Pellicer A, Simon C. The ac- 
curacy and reproducibility of the endometrial receptivity array 
is superior to histology as a diagnostic method for endometrial 
receptivity. Fertil Steril. 2013;99(2):508-17. 


Fallopian Tube Dysfunction 
in Unexplained Infertility 
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Thalia R. Segal and Avner Hershlag 


Normal Tubal Physiology 


The human oviduct is a tubular, seromuscular structure that 
attaches distally to the ovary and proximally to the uterine 
fundus. The length of the human oviduct averages around 
12 cm and can be divided into four parts: the infundibulum, 
the ampullary region, the isthmic portion, and the intramural 
portion. The infundibulum is the trumpet-shaped distal por- 
tion of the tube that communicates with the peritoneal cavity 
and ovary. It contains an outer longitudinal and inner circular 
muscle layers and a lumen lined with cilia concentrated at 
the fimbria. The muscular layers of the myosalpinx provide 
peristalsis to facilitate gamete union and transport back to 
the uterus [1]. 

The fallopian tube is lined by epithelium composed of 
70% ciliated cells in the infundibulum and the remaining 
nonciliated secretory cells in the ampulla [2] (Fig. 18.1). 
Secretory cells release important cytoplasmic factors for egg 
passage and implantation [3]. During the estrous cycle, epi- 
thelial height and secretory activity increase, reaching a pla- 
teau before ovulation. After ovulation, cell height decreases 
as the material is evacuated into the tubal lumen. 

Ciliated epithelium has adhesive features that assist in 
ovum transport. Cilia beat in the direction of the uterus. This 
is the site of ovum capture and accounts for distal tubal dys- 
function. The ampulla is 5-8 cm long and is the site of fertil- 
ization and early cleavage of the human embryo. This is also 
the most common site of tubal ectopic pregnancies. 

The isthmus extends from the ampulla to the uterus and 
is the site of proximal tubal obstructions, which may inhibit 
spermatozoa from reaching the egg. The length of the isth- 
mus is 2-3 cm and is the most muscular portion of the fallo- 
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pian tube with the narrowest lumen. The mucosa is arranged 
in folds and is less ciliated compared with the distal tube. 
The intramural segment is the portion of tube that extends 
into the uterine cavity. It has three layers of muscle and has 
been described as the sphincter between the uterus and tube. 


Tubal Fluid 


Tubal fluid plays a critical role in providing the right envi- 
ronment for gametes traveling through the tube and optimiz- 
ing circumstances for sperm capacitation and fertilization of 
the egg. In addition, in the past decade, evidence from in 
vitro fertilization (IVF) data has shed light over the role of 
tubal fluid in implantation. Specifically, IVF in patients with 
hydrosalpinx results in a ~ 50% reduction in pregnancy rates 
compared with patients without tubal disease [4]. In patients 
in whom the diseased tubes have been surgically removed, 
pregnancy rates have improved back to control values [5, 6]. 
Follicular fluid (FF) has been shown to be toxic to embryos 
in vitro [7]. Tubal fluid is composed of electrolytes, spe- 
cifically high levels of potassium and bicarbonate compared 
with plasma. In addition, glycoproteins, glucose, pyruvate, 
lactate, and 17 different amino acids have been identified 
in tubal secretions [8]. The concentration of glucose fluc- 
tuates with the menstrual cycle. Following ovulation, the 
concentration of glucose decreases tenfold [9]. Tubal lumen 
glucose concentration drops from 3.1 mM in the follicular 
phase to 0.5 mM midcycle [10]. Human and animal studies 
have shown that estrogen and progesterone modulate ovi- 
ductal fluid secretion by the epithelium [11, 12]. Estrogen 
causes hypertrophy, maturation, and the differentiation of the 
ciliated phenotype in fallopian tube epithelial cells in vitro 
[13]. Conversely, progesterone causes atrophy and decreases 
secretory production during the luteal phase. 

Tubal fluid also contains glycoproteins, which may have 
a role in early development of the oocyte and embryos, en- 
hance adherence of spermatozoa to the isthmus of the fal- 
lopian tube, and improve fertilization. Prior to ovulation, an 
oviduct-specific glycoprotein (OSGP) has been identified 
to enhance sperm capacitation, bind to the zona pellucida, 
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Fig. 18.1 Normal fallopian tube. 
Salpingoscopy reveals normal- 
looking mucosa in the ampullary 
(a) and infundibular (b) regions. 
A thin section of the ampulla (c) 
shows normal ciliated endo- 
salpinx. Electron microscopy 

(d) shows evidence of normal 
homogenous cytoplasm, abundant 
mitochondria, columnar-shaped 
cells, normal nuclei, and a normal 
complement of cilia. (Reprinted 
from Hershlag et al. 1991, with 
permission from Wolters Kluwer 
Health) 
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and facilitate sperm penetration [14]. Others have postulated 
that OSGP and other glycoproteins increase the viscosity of 
the oviductal fluid, which serves as a buffer for the embryo 
against osmotic changes in the luminal fluid and also as pro- 
tection against immunologic factors [15]. 

Spermatozoa undergo capacitation and antigenic changes 
through exposure to the uterus and tubal fluid, containing 
copious amounts of B-amylase [16]. This step is followed by 
the acrosome reaction, hyperactivation, and successful pen- 
etration of the zona pellucida of the oocyte. 

In conclusion, the delicate composition of tubal fluid 
plays a critical role in fertilization of the egg, as well as 
embryo development and transport to the uterus. Any dis- 
turbance in the production of tubal fluid due to an erratic 
hormone milieu, destruction of secretory cells by fibrosis, 
or infection could potentially lead to altered sperm and egg 
transport and fertilization. 


Tubal Inflammation 


It is unclear what proportion of acute episodes of salpingi- 
tis is subclinical. Many young women may experience no 
symptoms or a low-grade fever or nonspecific abdominal 
pain. Oftentimes, these women do not seek medical care or 
get misdiagnosed. Physicians should therefore have a low 
threshold for diagnosis and treatment of subclinical or “si- 
lent” salpingitis to prevent future ectopic pregnancies and 
infertility. 


T. R. Segal and A. Hershlag 


Subclinical Infection 


In the 9 months following HSG and/or laparoscopy in ovula- 
tory women with patent tubes, patients with Chlamydia tra- 
chomatis IgG seropositivity have a 33% lower conception 
rate compared with seronegative patients [17]. The changes 
caused by C. trachomatis are intraluminal, and histological 
changes have been observed by salpingoscopy and biopsies 
of luminal epithelium (Figs. 18.2 and 18.3). Normal archi- 
tecture of the fallopian tube is lost as neutrophils invade the 
tubal plicae and cause edema and congestion acutely. Long- 
term sequelae include scarring, fibrosis, and loss of luminal 
folds, normal epithelium, and cilia [18]. In addition, antibod- 
ies from a chronic inflammatory reaction elicits an autoim- 
mune response to release human heat shock proteins (HSPs) 
[19]. These human HSPs can have a negative influence on 
the developing embryo during tubal transport as well as dur- 
ing implantation. 


Acute Salpingitis 


Acute salpingitis is usually secondary to sexually transmit- 
ted infection by Neisseria gonorrhoeae, C. Trachomatis, 
Mycoplasma, streptococci, staphylococci, coliform bacilli, 
and anaerobes, which reach the tube usually directly from 
the uterus attached to sperm or by blood vessels or lym- 
phatic drainage. Clinically, young women may experience 
fever, leukocytosis, and adnexal tenderness [20]. The tube is 
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Fig. 18.2 Salpingoscopic view 
of a normal ampulla (a, b). Black 
and white arrows denote primary 
and secondary folds, respectively 
(b). An intraluminal adhesion 

is shown in the isthmus (c) via 
flexible salpingoscope. The 
ampullary lumen in a patient with 
severe hydrosalpinx (d) is devoid 
of primary and secondary folds, 
with abnormal vessel formation. 
(Reprinted from Hershlag et al. 
1991, with permission from Wolt- 
ers Kluwer Health) 


Fig. 18.3 Moderate tubal dis- 
ease. Rigid salpingoscopy shows 
moderate attenuation of the 
epithelial folds (a) and increased 
vascularity (b). Histology (c) of 
the ampulla shows evidence of 
epithelial proliferation, thicken- 
ing of the lamina propria, and 
increased vascularity. Electron 
microscopy (d) shows broken 
plasmalemma, swollen mitochon- 
dria, and vacuolated cytoplasm. 
(Reprinted from Hershlag et al. 
1991, with permission from Wolt- 
ers Kluwer Health) 
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usually enlarged, erythematous, and edematous. There can 
be exudates and an associated tubo-ovarian abscess. Micro- 
scopically, there are numerous neutrophils, congestion, and 
edema. 
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Chronic Salpingitis 


Chronic salpingitis frequently goes unrecognized. In pa- 
tients with no known antecedent history of sexually trans- 
mitted diseases (STDs), 35.9% of them tested positive for 


196 


Fig. 18.4 Moderate tubal dis- 
ease. Rigid salpingoscopy shows 
attenuation of ampullary epi- 
thelial folds (a) with absence of 
secondary folds and widening of 
spaces between primary folds (b). 
Histology (c) of the infundibulum 
of the same tube shows evidence 
of conglutination and muscular 
hypertrophy of the fimbrial stalk. 
On electron microscopy (d), the 
epithelial cells are cuboidal in 
shape, with sparse numbers of 
cilia per cell. The nuclei are swol- 
len and large vacuoles are pres- 
ent. (Reprinted from Hershlag et 
al. 1991, with permission from 
Wolters Kluwer Health) 


C. trachomatis antibody titer and had tuboperitoneal abnor- 
malities found during an infertility workup [21]. What is bet- 
ter to have: a diagnosed or an undiagnosed salpingitis? This 
is yet another question that has not been fully studied. While 
the acute salpingitis may be more severe, because of symp- 
toms, it is usually promptly treated with aggressive antibi- 
otics, thus allowing some tubes to heal without significant 
scarring, while others may not escape long-term damage. 
The undiagnosed and therefore untreated kind, on the other 
hand, may represent a lower level of inflammation, but it is 
yet to be determined whether it could more likely to cause 
permanent tubal dysfunction secondary to subtle chronic 
changes in tubal anatomy as well as contractile motility. 

The chronically inflamed tube can become enlarged, 
distorted, or adherent to other pelvic organs. There can be 
hydro- or pyosalpinx in which the tube is full of fluid or exu- 
dates, respectively. Microscopically, the tubal folds may be 
shortened, blunted, or fibrotic (Fig. 18.3). There is a chronic 
inflammatory infiltrate and flattening of the epithelial lining 
(Fig. 18.4). 


Isthmic Plugs 


Since the isthmus is less than 1 mm in diameter compared 
with the ampullary portion, which is 1 cm wide, mucus plugs 
may represent a relatively common and frequently unrecog- 
nized underlying cause of unexplained infertility. 
Histologically, endotubal isthmic plugs consist of casts 
of histiocytes mixed with endometrial stroma or mesothelial 
cells [22]. Several studies have observed isthmic secretions 
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increase with estrogen exposure and decrease after ovulation 
as the corpora lutea forms. Hypotheses on the origin of these 
isthmic plugs include retrograde menstrual flow, a sign of 
early pelvic infection, or secondary to cyclical estrogen prior 
to ovulation. 

There are several lines of evidence that mucus plugs may 
play a major role in unexplained infertility. In a study by 
Sulak et al. [23], the majority of fallopian tubes diagnosed as 
obstructed by HSG were found to have only a mucus plug. 
Successful tubal cannulation either through hysteroscopy or 
novy cornual cannulation may also be partially attributable 
to dislodging a mucus plug rather than dilating an obstructed 
tube [24]. Flushing of tubal plugs could be the reason why 
for many years it has been known that performing an HSG 
demonstrating tubal patency is associated with a relative in- 
crease in fecundability of up to 20% [25]. In many patients, 
dislodging the mucus plug may be all it takes to reopen the 
sperm-egg highway. Unfortunately, identifying the presence 
of a mucous plug prior to dislodging it during an HSG is not 
possible. 


Salpingitis Isthmica Nodosa 


Salpingitis isthmica nodosa, or SIN, is an old HSG diag- 
nosis for a nodular proximal tubal occlusion. The fallopian 
tube has nodular thickening of the tunica muscularis in the 
proximal isthmus enclosing dilated glands, which causes 
complete obliteration of the lumen [26]. The incidence of 
SIN in healthy fertile women ranges from 0.6 to 11%, with a 
mean age of 26 years, and predisposes patients to infertility 
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and ectopic pregnancies [27, 28]. It is bilateral in 85% of 
cases [29]. The etiology is unknown, but some hypothesize 
a postinflammatory effect [30]. On salpingoscopy, this entity 
may present with no apparent lesion or gray—white nodules 
up to 2 cm in size in the isthmic portion of the fallopian tube. 
Microscopically, one can see nodules, cystic and dilated 
tubal epithelium with hypertrophic muscularis, and normal 
tubes distally. SIN is considered a risk factor for ectopic 
pregnancy [31]. 

How relevant is the diagnosis of SIN in the IVF era? The 
incidence of SIN in women with an ectopic pregnancy is 
10% compared with 0.2 % in the control group [32]. Patients 
with bilateral SIN should not attempt repair since the success 
rate is extremely poor with a high risk of ectopic pregnancy, 
and these patients should be immediately referred to IVF. 


Granulomatous Salpingitis 


Tuberculosis was probably at one point the most common 
reason of irreversible infertility in endemic areas, giving the 
typical lead pipe appearance on HSG. Genital tuberculosis 
involves the fallopian tubes bilaterally in 90% of women 
[33]. The most common cause of granulomatous salpingi- 
tis is Mycobacterium tuberculosis or Mycobacterium bovis. 
Grossly, there is thickening and nodularity in the wall, sero- 
sal tubercles, or caseous luminal exudate. In severe forms, 
there may be adhesions between the ovaries and other organs 
in the pelvis. Interestingly, the ostium usually remains open 
in contrast to many other forms of chronic salpingitis. Histo- 
logically, the mucosa has caseating granulomas, inflamma- 
tory changes, and fibrosis. There are epithelial hyperplasia 
and Schaumann bodies. Other less common causes of granu- 
lomatous salpingitis include leprosy [34], Crohn’s disease 
[35], sarcoidosis [36], chronic pelvic inflammatory disease 
[37], endometriosis [38], pelvic radiation [39], and giant cell 
arteritis [40]. 

Patients who had an intrauterine device (IUD) are most at 
risk for actinomycosis of the fallopian tubes, a disease caused 
by the Actinomyces species such as Actinomyces israelii. It 
affects both tubes in 50% of cases, which may spread to the 
ovaries [41]. It is estimated that 7% of women using an IUD 
have colonization with an Actinomyces species on a cervical 
smear [42]. If a patient is asymptomatic, there is no need 
for antimicrobial treatment or IUD removal. However, if a 
woman with an IUD has pelvic symptoms and a positive cer- 
vical smear for A. israelii, they are four times more likely to 
develop pelvic inflammatory disease [43]. Diagnosis can be 
made with Pap smear, computed tomography-guided tissue 
biopsy [44], or laparoscopically with a culture from the fim- 
brial lumen or posterior cul-de-sac [45]. On gross inspection, 
there can be small yellow flecks composed of sulfur granules 
within the tubal lumen. Sequelae of this infection include 
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fistula communication between bowel, bladder, or skin. 
Histological examination shows granules of gram-positive 
filamentous bacteria surrounded by purulent exudates [46]. 

Although rare, there have been case reports of granulo- 
matous salpingitis caused by blastomycosis [47] and coccid- 
ioidomycosis [48]. These fungal infections usually present 
as a tubo-ovarian abscess with peritoneal nodules, and the 
organisms are identified microscopically. 


Parasitic Salpingitis 


Parasites such as Schistosoma haemotobium have been found 
to cause nodularity and scarring with the histological find- 
ing of characteristic ova surrounded by fibrosis. Pinworms 
caused by Enterobius vermicularis have been identified as 
nodular thickening in the tubal wall. They spread from anal 
infections to the genital tract. The characteristics include 
eosinophilic infiltrates, giant cells, granulation tissue, and 
fibrous tissue. Cysticercosis has also been reported in the 
tube, with its characteristic calcified larvae surrounded by 
granulomatous salpingitis [49]. 


Physiological Salpingitis 


Physiological salpingitis is a nonbacterial inflammatory 
reaction that can be found in women at the time of menstrua- 
tion or the peripartum period [50]. Clinically, patients are 
usually asymptomatic. The diagnosis was made from rou- 
tine analysis of tubes removed at the time of hysterectomy or 
sterilization. Histologically, there is edema, lymphatic dila- 
tion, and infiltration with polymorphonuclear lymphocytes 
in the tubal plicae [51]. However, unlike infectious salpin- 
gitis, there is no necrosis, ulceration, or bacterial infection. 
Menstrual debris causes an inflammatory reaction in the 
tubal epithelium and stroma, but rarely involve the muscular 
walls. There are no known long-term sequelae from physi- 
ologic salpingitis. However, women are more susceptible to 
pelvic infections during menses due to low estrogen, less 
cervical mucous to block ascension of bacteria, and the pres- 
ence of this physiologic salpingitis could facilitate infectious 
spread [52]. 


Endometriosis 


Similar to endometriotic lesions of other pelvic organs, it 
is unclear how the involvement of the fallopian tube in en- 
dometriosis affects fertility in most cases. Only a full ob- 
struction of both tubes or unilateral obstruction where the 
other tube is absent represents a clear association. However, 
such instances are uncommon. The most common site of 


198 


endometrial foci in the fallopian tube is the serosa, but the 
myosalpinx and mucosa can also be involved [53]. Endome- 
trial tissue may spread from the uterus to the isthmic portion 
of the tube along with mucosal changes such as obstructing 
endometrial polyps [54]. These intratubal polyps are associ- 
ated with ectopic pregnancy and infertility, especially if they 
are bilateral [55]. In one review, the prevalence of intramu- 
ral tubal polyps was 3.8% in a group of infertile women, 
where 50% had unexplained infertility [56]. The diagnosis 
can be made by HSG. The lesions are typically broad based, 
0.1—1.3cm, pink to red, smooth protrusions from the mucosa. 
Microscopically, one can see non-functioning endometrium 
covering the polyp. 

In addition to obstructing lesions, endometriosis causes 
elevated oxidative stress, increased immunologic factors, 
and changes in the hormonal levels in peritoneal and FF. 
Reactive oxidative species (ROS) produced by erythrocytes, 
macrophages, and apoptotic endometriotic cells induce oo- 
cyte degeneration, DNA damage, increased cell membrane 
permeability [57], and cell death [58]. ROS negatively im- 
pacts fertilization through increased DNA fragmentation in 
spermatozoa [59] and inhibition of the acrosome reaction 
[60]. Nitrous oxide (NO) is higher in patients with endo- 
metriosis from the presence of macrophages. NO is toxic to 
embryos and decreases sperm motility [61]. 

Endometriosis has also been shown to affect the sperm in- 
teraction with the tubal epithelium. The tubal ampulla binds 
significantly more spermatozoa in women with endometrio- 
sis leaving less freely motile spermatozoa for fertilization 
[62]. Another study found cilia to beat at a lower frequen- 
cy when exposed to peritoneal fluid from women with 
endometriosis [63]. 

Endometriosis may impair fertilization and implanta- 
tion through decreasing oocyte quality, decreasing sperm 
motility, and/or exposure of the gametes/embryo to toxic 
peritoneal and FF. The FF of women with endometriosis de- 
creases sperm binding to the zona pellucida [64]. Women 
with endometriosis have decreased levels of vascular en- 
dothelial growth factor (VEGF), which has been associ- 
ated with reduced embryo quality and implantation defects 
[65]. Increased levels of circulating immunoglobulins and 
complement deposits have been detected in the peritoneal 
fluid of patients with endometriosis. This local inflammatory 
cascade has been proposed to increase ectopic endometrial 
implants, promote its growth, and release free radicals. 

There are increased E2 levels in peritoneal fluid that 
stimulates cycle-oxygenase-2 (COX-2) enzyme, which then 
upregulates prostaglandin E2 (PGE2) production. PGE2 
stimulates aromatase expression in endometrial tissue, which 
then produces more E2 and continues a vicious cycle of pro- 
liferation and cytokine induction [66]. Specifically, interleu- 
kin (IL)-6, and IL-la cytokine produced by endometrial and 
epithelial cells in response to E2, has been shown to decrease 
sperm motility within the uterus [67]. 
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The impact of endometriosis on fertility is widespread 
and still has many unanswered questions. Even with fertility 
treatments such as IVF, pregnancy rates are lower in women 
with endometriosis compared with controls (tubal factor) 
[68]. Should these patients be treated like unexplained in- 
fertility, especially if the diagnosis was found incidentally? 
There is still no clear answer for targeted treatment. Differ- 
entiating mild from severe endometriosis may help stratify 
who should be offered laparoscopic treatment, expectant 
management, or immediate assisted reproduction techniques 
(ART). The current recommendations are to treat patients 
with mild endometriosis similarly to patients with unex- 
plained infertility, especially when invasive surgeries have 
not been shown to have a better clinical outcome [69]. 


Late Sequelae of Chronic Salpingitis 
Fimbrial Agglutination 


Fimbrial agglutination can cause distal tubal obstruction 
and can range from mild adhesions to phimosis, or narrow- 
ing of the tube to severe occlusion (Fig. 18.3). Complete 
occlusion can prevent ovum capture, while phimosis may 
decrease ovum pick-up. Microsurgery such as fimbrioplasty 
and neosalpingostomy can open the tubes to restore fimbria 
and patency. 


Intraluminal Fibrosis 


Intraluminal fibrosis is a late sequelae of chronic salpingitis 
and is irreversible. The fallopian tubes appear anatomically 
patent and normal. The definitive diagnosis of intraluminal 
fibrosis can only be made with salpingoscopy; however, most 
people rely on HSG or laparoscopic tubal lavage to diagnose 
tubal obstruction, techniques that are incapable of making 
such a specific diagnosis. A definitive diagnosis can be made 
by pathologists on analysis of surgically -removed fallopian 
tubes. According to a study of histological features of sur- 
gically removed tubes, 35.5% of specimens showed plical 
fibrosis [70]. Mild to moderate fibrosis was found in patients 
at an average age of 28 years and severe fibrosis at an aver- 
age age of 42 years. Several studies have shown that there is 
a steady increase in plical fibrosis and the relative amount of 
plicae occupying the lumen in the fallopian tube from birth 
to menopause [71]. These age-groups represent the majority 
of patients who present for infertility evaluation. 


Ciliary Dysfunction 


The tubal cilia provide a delicate mechanism of propagating 
gametes toward the uterus in a unidirectional beat. In a study 
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in rabbits, a segment of the ampulla was reversed so that 
the cilia beat toward the ovary. The experiment did not af- 
fect fertilization, but it did arrest the egg from moving to the 
uterus, and no pregnancy occurred [72]. Kartagener’s syn- 
drome serves as an interesting model of what happens when 
the ultramicroscopic structure of the cilia is abnormal (con- 
genital absence of dynein arms) [73]. This rare syndrome 
may, at times, be associated with female subfertility, ectopic 
pregnancy, and male infertility with impaired sperm motility 
[74]. While patients with Kartagener’s syndrome are natu- 
ral candidates for ciliary dysfunction and therefore male and 
female infertility, they do not have an increased rate of ecto- 
pic pregnancies documented in the literature. Pregnancies in 
women with this syndrome have been reported, which high- 
lights the importance of the tubal musculature and peristalsis 
to facilitate oocyte transport to the uterus. 

Ciliary function changes during the menstrual cycle, 
depending on the relative concentrations of estrogen and 
progesterone, with variations in the respective receptors. In 
vivo studies show that progesterone decreases ciliary beat 
frequency (CBF) by 40-50%, which correlates to the pro- 
liferative phase allowing maximal fertilization time of the 
ovum. Estradiol inhibits the antagonistic effect of proges- 
terone on CBF. From these studies, it can be hypothesized 
that ovulatory dysfunction could lead to defective CBF and 
therefore inhibit transport of the ovum along the fallopian 
tube. At this point, the question of whether ovulation induc- 
tion agents such as clomiphene citrate and/or gonadotropins 
could fail because of their adverse affect on ciliary function 
remains unanswered. 


Tubal Motility 


It is unclear whether cilia or tubal muscular contractions pro- 
vide the propulsive force to transport sperm and the oocyte 
as the data are conflicting. In one study, interference with 
muscular contractility in the rabbit did not block egg trans- 
port [75]. In another study on rabbits, blocking smooth mus- 
cle with nicardipine caused oviduct stasis and inhibited egg 
movement even with unaffected ciliary beating [76]. In ad- 
dition, reversal of a segment of the ampulla so that cilia beat 
in the other direction did not block fertilization but did arrest 
egg transport [77]. Therefore, both the myosalpinx and cilia 
beating are critical for egg transport. At ovulation, waves of 
intermittent smooth muscle contraction in the myosalpinx 
move the egg from the infundibular ostium to the ampullary- 
isthmic junction, in a prouterine direction [78]. Cilia in the 
isthmus beat toward the ampullary-isthmic junction at the 
time of ovulation [79]. 

After fertilization, the musculature of the distal isthmus 
relaxes and the egg passes into the uterus. The isthmic mus- 
culature (adrenergic innervation) is upregulated by estrogen 
prior to ovulation, allowing for constriction and therefore 
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retention of the egg for adequate fertilization time in the 
ampulla [80]. Progesterone binds to B-adrenergic receptors 
and causes isthmic smooth muscle relaxation [81]. In theory, 
cases of tubal spasm can be attributed to dysregulation of the 
myosalpinx by erratic steroid hormone production in women 
with irregular ovulatory cycles. In a study of human fallopi- 
an tubes, muscular contractions were significantly increased 
by PGE2 and F2a and downregulated by progesterone, le- 
vonorgestrel, mifepristone, oxytocin, and human chorionic 
gonadotropin [82]. 

How does the fallopian tube pace itself? The action of 
the myosalpinx is controlled by the pacemaker activity in 
the interstitial cells of Cajal of the oviduct [83]. Interstitial 
cells of Cajal line the oviducts and provide pacemaker ac- 
tivity to regulate the peristalsis of the oviduct essential for 
the transport of the oocyte and sperm. Damage to these cells 
could lead to intrinsic pacemaker dysfunction and pseudo- 
obstruction of the tube [84]. Infections such as with Chla- 
mydia cause dilated oviducts and pyosalpinx due to the loss 
of normal muscle contraction and retention of fluid within 
the tube. Electrophysiological analysis showed loss of pace- 
maker activity without loss of muscle potential. 

The question whether emotional stress can cause infertil- 
ity has not been properly studied. That stress plays a part in 
many couples with otherwise unexplained infertility may be 
evident from treatment-independent pregnancies in couples 
with multiple IVF failures subsequent to removal of stress- 
ors (vacation, adoption, etc). According to Foldes et al., tubal 
occlusion may be caused by spasms operating under stress. 
The intricate biochemical influences on the musculature 
surrounding the tiny (less than 1 mm) lumen of the isthmus 
effectively protect women under stress from conception. 
Other studies, including a large meta-analysis, found that 
emotional stress has no effect on IVF outcomes [85]. 


Tubal Surgery 


Much of the aforementioned tubal pathology can be directly 
visualized by the salpingoscope, a tiny endoscopic device 
aimed at scoping the entire length of the tube. Earlier work 
by Confino et al. [86] and Hershlag et al. [87] found reason- 
able correlation between salpingoscopic findings and his- 
tology. Since this technique was developed right when IVF 
became more successful, interest in the interior of the fallo- 
pian tube as well as diagnosing and treating tubal epithelial 
abnormalities ceased to gain momentum. 

By definition, unexplained infertility must have patent 
tubes as demonstrated by HSG or laparoscopic chromoper- 
tubation. Using aqua dissection and tubal cannulation, the 
salpingoscope can be used to treat proximal tubal occlusion 
by removal of plugs of amorphous cellular debris, lysis 
of adhesions, and endotuboplasty [88]. It can also iden- 
tify nonobstructive tubal disease such as fibrosis, stenosis, 
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Table 18.1 Various etiologies of fallopian tube dysfunction identified by salpingoscopy and histological examination 


Study Obstruc- Stenosis Obliterative Salpingitis Intratubal Hydrosal- Chronic Tubal Intramuco- References 
(n=patients) tive debris (%) fibrosis (%) isthmica polyps (%) pinx (%) inflamma- tuberculosis sal endome- 

(%) nodosa (%) tion (%)  (%) triosis (%) 
Kerin etal. 6 18 7 5 6 6 — — = [89] 
(n=75) 
Fortier etal. — — 38.1 23.8 — — 21.4 — 14.3 [91] 
(n=42) 
Punnonen = -= 12 60 -= = 8 4 12 [92] 
et al. (n=25) 
Zhang etal. — — 7.84 5.88 — — 70.59 3.92 9.80 [93] 
(n=33) 
Wiedemann — — 6l 42 — — 57 — — [94] 
et al. (n=53) 


nonobstructive adhesions, debris, polyps, or loss of normal 
epithelium and abnormal vasculature [89]. Nakagawa et al. 
[90] used the salpingoscope to assess adhesions, loss of mu- 
cosal folds, rounded edges of mucosal folds, debris, foreign 
bodies, and abnormal vessels (Figs. 18.1—18.4). The various 
causes of tubal obstruction identified by salpingoscopy and 
pathological examination are summarized in Table 18.1 [89, 
91-94]. Indeed, had the initial interest in evaluating patho- 
logic abnormalities of the fallopian tube endothelium con- 
tinued, many patients currently diagnosed as “unexplained” 
may have been identified with salpingoscopy. While this 
may have given patients a sense of relief to be labeled with 
a cause for their infertility, the treatment would still be IVF 
to bypass the defective fallopian tube. Once patients have a 
diagnosis, they can be treated as tubal factor with relief of 
the obstruction or IVF if the occlusion is bilateral or cannot 
be cannulated, flushed, or catheterized. 


Conclusion 


So, does the tube matter? In a way, IVF has done to the study 
of fallopian tube pathologies what intracytoplasmic sperm 
injection (ICSI) has done to male factor infertility. With ICSI, 
the sperm—egg barrier has been circumvented, thus making 
the understanding of sperm—egg interaction, and a multitude 
of efforts at improving normal fertilization in vivo or in vitro, 
obsolete. Similarly, IVF serves as a “bypass” procedure. 
With the accelerating success of IVF, the fallopian tube has 
lost its prime time as the site for sperm—egg interaction, fer- 
tilization, and preliminary embryo development. The study 
of tubal physiology was all but halted, and microsurgery of 
the fallopian tube with its limited success is now a histori- 
cal chapter taught to medical students. In patients unwilling 
to utilize modern approaches such as ART for suspected/di- 
agnosed tubal pathology, proximal tubal obstruction may be 
treated by tubal cannulation in young women with no other 
significant infertility factors [95]. Laparoscopic fimbrioplas- 
ty or neosalpingostomy is also an option for women with 
mild hydrosalpinges [96]. In cases of severe or irreparable 
hydrosalpinges, laparoscopic salpingectomy improves IVF 


pregnancy rates compared with controls. Tubal reversal in 
appropriate candidates (less than 40 years old with residu- 
al healthy fallopian tubes equal to or greater than 4 cm in 
length) is still a valid alternative to [VF [97]. However, these 
approaches are not equivalent to the success with ART and 
not without risk of surgical complications, failure, or ectopic 
pregnancy. Additionally, fewer and fewer surgeons are being 
trained to successfully perform laparoscopic or conventional 
microsurgery of the fallopian tube. 

So what relevance remains for the fallopian tube today? 

Clearly, identifying and treating disorders of the fallopian 
tube that have a reasonable chance of success are warranted. 
Tubal pathology cannot be suspected based on history, and 
even women without risk factors or utilizing ART might ben- 
efit from a preliminary evaluation of their tubes. The fact 
that some patients who did not conceive through IVF have 
conceived naturally is evidence that the moratorium on the 
fallopian tubes has been premature and hasty. 
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Unexplained infertility (UI) is a diagnosis of exclusion for 
infertile couples whose examinations for semen analysis, 
assessment of tubal permeability, and confirmation of ovu- 
lation do not reveal abnormalities [1]. The incidence of UI 
varies according to age, geographic area, and the selection 
criteria used in the different studies, affecting 15-37% of 
all infertile couples [2, 3]. The spontaneous pregnancy rate 
of couples with UI has been reported to be 2—4% per men- 
strual cycle [4], 15% at the end of 1 year, and 35% after 2 
years [3]. The prognosis for natural conception with expect- 
ant management in couples with UI depends on factors such 
as age of the female partner, length of infertility, primary or 
secondary infertility, and semen parameters. For this reason, 
if the pregnancy prognosis is good, expectant management 
can be suggested [1, 5]. Other factors are important in mak- 
ing this recommendation, like the anxiety of the couple. 

In infertile patients with no other associated symptoms, 
with a normal clinical examination and with an ultrasound 
evaluation revealing no pelvic pathology, undiagnosed pel- 
vic disease may still be present. The only way to make this 
diagnosis would be a diagnostic laparoscopy. Although con- 
troversial and based on cost/benefit analyses, the guidelines 
of professional organizations such as the American Society 
of Reproductive Medicine [6] and the National Institute for 
Health and Clinical Excellence in the UK (NICE [1]) do not 
include routine laparoscopy in the routine investigation of 
infertile couples. On this basis, we may speculate whether UI 
is really unexplained or just “undiagnosed” as there may be 
subtle pathological pelvic conditions that might contribute to 
the infertility. 

Endometriosis may inhibit conception at all stages of the 
process from oocyte development to ovulation, fertilization, 
and embryo implantation and therefore there is speculation 
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about its role in cases of UI. Laparoscopy has demonstrated 
that approximately 75 % of patients with UI have a diagnosis 
of endometriosis, with most patients having stage I (mini- 
mal) or stage II (mild) disease (70 % of cases) [7], suggesting 
that endometriosis may be underdiagnosed in couples clas- 
sified as having UI. 

The laparoscopic diagnosis of endometriosis is difficult 
even for experienced surgeons because the disease shows 
macroscopic diversity of atypical lesions [8], especially in 
patients classified as having minimal and mild disease. Al- 
though the guidelines of the European Society of Human 
Reproduction and Embryology (ESHRE) recommend histo- 
logical confirmation of suspected lesions visualized by lapa- 
roscopy, negative histology does not exclude a diagnosis of 
endometriosis [9]. For this reason, endometriosis may not be 
detected in women with UI and, according to some research- 
ers, UI may even represent a preclinical microscopic stage 
of endometriosis [10], especially in asymptomatic women 
(2-22 % of all cases of endometriosis) [11]. The ASRM rec- 
ommends a biopsy only when the diagnosis cannot be made 
by macroscopic visualization of lesions suspected to repre- 
sent endometriosis [6]. 


Pathophysiology of Infertility Associated with 
Endometriosis 


Endometriosis is frequently associated with infertility, being 
present in more than 30% of infertile women [12], with 
30-50% of women with known endometriosis experiencing 
difficulties in having children. The actual incidence of en- 
dometriosis in UI is unknown since not all patients undergo 
laparoscopy. We also do not know the actual incidence of 
endometriosis in the all reproductive aged women, although 
it is estimated to be present in 2-8 % of the general popula- 
tion [13]. Despite a lack of solid epidemiologic evidence to 
support an association between endometriosis and infertility, 
several lines of investigation support its association with in- 
fertility, even in its mildest forms. However, the mechanisms 
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involved in the pathogenesis of endometriosis-associated 
infertility, especially in women with early stage pelvic dis- 
ease (i.e., minimal and mild endometriosis, defined as stages 
I and II, respectively), who show no anatomical changes in 
the reproductive tract, have not been fully elucidated [13]. 
Several mechanisms relating endometriosis and infertility 
are possible (Fig. 19.1), but most of the studies were more 
focused on severe cases of the disease, and not on subtle en- 
dometriosis. 


Pathogenesis of Endometriosis 


Several theories and hypotheses have attempted to explain 
the origin of endometriosis and how the different stages of 
the disease can affect fertility. The various mechanisms pos- 
sibly involved in the pathogenesis of the disease may also be 
related to the pathophysiology of infertility associated with 
endometriosis. In general, there are theories proposing that 
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the implants originate from the uterine endometrium and 
other suggesting that they originate from extrauterine tis- 
sues [14]. Within these theories, triggering factors for dis- 
ease development and potential genetic susceptibility have 
been studied and their roles are beginning to be delineated. 
Unfortunately, these theories are not sufficiently established 
to confirm a cause-effect relationship in the development of 
the disease or in the disease’s role in perturbations of nor- 
mal physiologic mechanisms. Studies correlating endocrine 
disruptors with endometriosis [15] have suggested that these 
factors, together with endogenous/exogenous estrogens, may 
be potential candidates favoring the implantation of endome- 
triotic implants. The action of these agents and their influ- 
ence on other systems that predispose to endometriosis, such 
as endocrine factors, progenitor stem cells, immune system, 
and epigenetic modifications should be considered [16]. 
Among the theories proposing a nonuterine origin of en- 
dometriosis, the coelomic metaplasia theory suggests the 
occurrence of transformation of normal peritoneal tissue 
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Fig. 19.1 Physiopathology of infertility associated with endometriosis 
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to ectopic endometrial tissue [17]. The agents responsible 
for this transformation are poorly known, even though en- 
docrine disruptors are potential candidates [15]. Among the 
theories that propose a uterine origin of the disease is the 
theory of benign metastasis which is the most commonly 
accepted theory of origin for most endometriotic implants. 
This theory proposes that ectopic endometrial implants are 
the result of lymphatic or hematogenic dissemination of en- 
dometrial cells [18]. The theory of retrograde menstruation, 
which is supported by several lines of scientific evidence is 
the most accepted explanation of most lesions of endome- 
triosis [18]. Although retrograde menstruation explains the 
physical displacement of endometrial fragments towards the 
peritoneal cavity, this occurs in most menstruating women 
and additional steps are needed for the development of endo- 
metriotic implants, such as escape from the immunological 
defense system, fixation in the peritoneal epithelium, inva- 
sion of the epithelium, the establishment of local neovascu- 
larization, and continued growth and survival. Investigations 
of the physiopathology of endometriosis have revealed sev- 
eral molecular markers of the disease, such as genetic predis- 
position, estrogen dependence, resistance to progesterone, 
and inflammation, factors that may be related to the lower 
fecundability of patients with the disease. 

As can be seen, the pathogenesis of endometriosis has not 
been well defined, and it is possible that infertility may be the 
result of ectopic endometrial foci with or without anatomi- 
cal changes. However, since the condition involves multiple 
factors, these factors may, in and of themselves predispose 
to infertility regardless of the presence of the disease. In fact, 
the disease may be a marker for infertility! 


Subtle Endometriosis and Infertility—Possible 
Mechanisms 


New approaches to the treatment of endometriosis-related 
infertility include the use of assisted reproduction techniques 
(ART). Contradictory results of in vitro fertilization (IVF) 
have been reported for patients with endometriosis [19, 20]. 
Several studies have found that the rates of fertilization, im- 
plantation, and pregnancy are lower in women with endome- 
triosis than in women without the condition who undergo IVF 
[21]. These poorer outcomes may be due to impaired oocyte 
quality and, consequently, to impaired embryo quality, en- 
dometrial defects, and/or impaired interactions between the 
endometrium and the embryo [22, 23]. However, since the 
presence of endometriosis in donor oocyte recipients does 
not decrease implantation or pregnancy rates, it is possible 
that impaired implantation in women with endometriosis is 
mainly related to oocyte abnormalities [20, 24], although this 
subject remains controversial. In a recent meta-analysis, we 
observed that women with endometriosis undergoing ART 
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have the same chance of achieving a clinical pregnancy and 
live birth as women with other causes of infertility. No rel- 
evant difference was observed in the chance of achieving 
clinical pregnancy and live birth following ART when com- 
paring women with stage III/IV endometriosis with women 
who have stage I/II endometriosis [25]. 


Oocyte Quality and Endometriosis 
Oocyte quality depends on the appropriate acquisition of cy- 
toplasmic and nuclear maturation, with the latter depending 
on the presence of a normal cell spindle [26, 27]. The meiotic 
spindle of human oocytes in metaphase II (MII) is a tempo- 
rary dynamic structure consisting of microtubules associated 
with the oocyte cortex and their network of subcortical mi- 
crofilaments [28, 29]. This microtubular structure functions 
primarily by assisting chromatid segregation, concomitant 
with the extrusion of the second polar body, ensuring the end 
of the meiotic process. The meiotic spindle of the oocyte is 
extremely sensitive to factors such as oxidative stress (OS), 
which promotes meiotic anomalies and chromosome insta- 
bility and is associated with increased apoptosis and impair- 
ment of preimplantation embryo development [29-31]. 
Noninvasive spindle analysis of in vivo matured oocytes 
from infertile patients with mild (stages I and IT) and ad- 
vanced (stages III and IV) endometriosis, and patients with- 
out endometriosis undergoing stimulated cycles for intracy- 
toplasmic sperm injection (ICSI) did not demonstrate sig- 
nificant differences between groups in terms of the nuclear 
maturation stage, the percentage of oocytes in metaphase II 
with visible spindles, and the spindle localization [32]. How- 
ever, it is important to state that there are no studies evaluat- 
ing the accuracy of PolScope microscopy for the detection 
of meiotic anomalies in human oocytes (by comparing non- 
invasive analyses with invasive analyses after immunostain- 
ing for morphological visualization of both microtubules 
and chromatin by high-performance confocal microscopy). 
Thus, although no differences were observed in the percent- 
age of oocytes in metaphase II with visible spindles between 
infertile women with and without endometriosis, we cannot 
conclude that the percentage of meiotic anomalies in oocytes 
matured in vivo would be similar for the two groups. 
Endometriosis may be associated with OS [33, 34]. The 
disease is associated with chronic inflammation, and reac- 
tive oxygen species (ROS) are inflammatory mediators that 
modulate cell proliferation [34]. Endometriotic cells may 
suffer endogenous OS due to increased ROS production, 
changes in the pathways of ROS detoxification, and a fall in 
catalase levels, as observed in tumor cells [35]. In the pres- 
ence of pelvic endometriosis, there may be macrophage ac- 
tivation in the peritoneal cavity, which in turn may promote 
an increased production of ROS, nitrogen, cytokines, prosta- 
glandins, and growth factors. As a consequence, OS occurs, 
generating lipid peroxidation as well as peroxidation of their 
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degradation products and of the products formed by its inter- 
action with low-density lipoproteins and other proteins. OS 
may also damage endometrial mesothelial cells and induce 
the onset of adhesion sites for endometrial cells, favoring the 
development and progression of endometriotic foci [36]. The 
activity of superoxide dismutase (SOD), one of the enzymes 
responsible for ROS neutralization, appears to be signifi- 
cantly higher in the ectopic endometrium of endometriomas 
than in eutopic endometrium [36, 37]. 

The data suggest a tendency to a higher production of free 
radicals in women with endometriosis, associated with a po- 
tential change in antioxidant capacity, which may suppos- 
edly contribute to the occurrence of OS. This, in turn, may 
be related to the pathogenesis of the disease, its progression 
and its possible consequences regarding fertility. However, 
this increase in the levels of antioxidant enzymes in the eu- 
topic and ectopic endometrium of women with endometrio- 
sis may be both a primary event and an event secondary to 
the increased production of ROS in an attempt to prevent 
oxidative damage. 

There is a positive association between infertility relat- 
ed to endometriosis, advanced disease stage and increased 
serum hydroxyperoxide levels, suggesting an increased pro- 
duction of systemic reactive species in women with endo- 
metriosis [38]. These data, taken together with the reduction 
of serum vitamin E and glutathione levels observed by our 
group, suggest the occurrence of systemic OS in women 
with infertility associated with endometriosis. 

The peritoneal fluid (PF) of women with endometriosis 
promoted meiotic oocyte anomalies and embryo apoptosis 
in an experimental murine model, with OS being the poten- 
tial mediator [39]. However, these authors used mice as the 
experimental model, limiting the extrapolation to humans of 
the data obtained. Preliminary results from our laboratory 
regarding the cell spindle and chromosome distribution of in 
vitro matured oocytes obtained from stimulated cycles of in- 
fertile women with endometriosis have suggested a potential 
delay or impairment of meiosis I, supporting the correlation 
between endometriosis and meiotic oocyte anomalies [40]. 

Since the follicular environment is extremely important 
for the process of oocyte maturation, changes in the composi- 
tion of the follicular fluid (FF) may influence the maturation 
and quality of oocytes, affecting fertilization, early embryo 
development and subsequent pregnancy [41]. Differences in 
the constituents of FF have been reported between women 
with and without endometriosis [20, 34, 42, 43], suggesting 
that FF may influence the acquisition of oocyte competence 
in women with this condition. We investigated also if OS in 
the follicular microenvironment may be involved in female 
infertility by comparing FF from infertile women undergo- 
ing controlled ovarian hyperstimulation (COH) for ICSI be- 
tween women who achieved pregnancy and those who did 
not. We compared the levels of five OS markers in the FF 
and found higher total antioxidant capacity (TAC) in the FF 
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of infertile women who did not achieve clinical pregnancy 
compared to those who did, suggesting that the occurrence of 
OS in this microenvironment may be related to compromised 
ICSI outcome, a fact that needs further confirmation [44]. 

Due to inconsistent results about the association between 
minimal and mild endometriosis and infertility [13, 45], and 
in order to examine the mechanisms of infertility related to 
mild endometriosis, we evaluated the effect of FF from infer- 
tile women with mild endometriosis on nuclear maturation 
and the genesis of meiotic oocyte anomalies during in vitro 
maturation (IVM) of bovine oocytes. We found that FF from 
infertile women with mild endometriosis may compromise 
nuclear maturation and the meiotic spindles of in vitro ma- 
tured bovine oocytes [46]. In fact, markers of OS have been 
observed in the FF of infertile women with endometriosis 
who underwent ovarian stimulation for assisted reproduction 
procedures [47]. As previously mentioned, OS may promote 
meiotic oocyte anomalies and chromosome instability, and is 
associated with increased apoptosis and impairment of pre- 
implantation embryo development [29-31]. These findings 
led us to hypothesize that OS in the follicular microenvi- 
ronment may impair nuclear maturation and may promote 
the genesis of meiotic oocyte anomalies in infertile women 
with endometriosis. Our results open new insights into the 
pathogenic mechanisms of infertility related to mild endo- 
metriosis, suggesting that FF from infertile women with mild 
endometriosis may be involved in the worsening of oocyte 
quality of these women, a hypothesis that should be evalu- 
ated in future studies, including patients with UI. 

Some authors have also associated minimal endometrio- 
sis with a defect of steroidogenesis in granulosa cells, rep- 
resented not only by reduced basal aromatase activity, but 
also by lower progesterone production in nonstimulated and 
stimulated cycles [48, 49]. A functional oocyte defect due 
to abnormal follicular function may be caused by endome- 
triosis [50]. Several other factors were related to abnormal 
folliculogenesis in endometriosis patients, like a longer fol- 
licular phase in IVF cycles, slower follicular growth rate, 
and reduced dominant follicle size [34]. Thus, anomalies of 
folliculogenesis associated with endometriosis, if confirmed, 
may be a potential cause of impaired oocyte quality. 

Another way to assess oocyte quality indirectly is the 
analysis of different markers in cumulus cells (CC). During 
follicular development, the granulosa cells differentiate into 
two distinct phenotypes, i.e., the mural population lining the 
follicular antrum and the population of CC surrounding the 
oocyte. The former is essential for the production of estrogen 
and for follicular rupture, while the latter is closely associ- 
ated with oocyte development. CC function is regulated in 
part by factors derived from oocytes and the CC, in turn, 
contribute to oocyte maturation and the oocytes potential for 
development [51, 52]. In addition, it should be emphasized 
that CC protect the oocytes from entering apoptosis induced 
by OS. Some studies have suggested that analysis of gene 
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expression of CC may be used as an indirect predictor of 
oocyte quality and of the results of ART, with several pos- 
sible clinical applications [53-55]. Thus, we started studies 
focusing on gene expression in the CC population. There is 
a lower expression of the CYP/9A/ (aromatase) gene in the 
CC of infertile women with minimal and mild endometriosis 
compared to controls [56]. This study opens a new perspec- 
tive for understanding the pathogenesis of endometriosis- 
related infertility, suggesting that reduced expression of the 
CYPI9A1 gene in CC might be involved in the impairment 
of oocyte quality associated with endometriosis. This hy- 
pothesis should be confirmed in future studies. 


Other Possible Alterations in Endometriosis Related 
to Infertility 

Alterations in immune function are also possible in patients 
with endometriosis [34]. An increased percentage of B lym- 
phocytes, natural killer cells, and monocyte macrophages in 
the FF have been noted in a case-control study of patients 
with endometriosis compared to those with other causes of 
infertility. This suggests the possibility of an altered immuno- 
logic function in the FF of patients with endometriosis [57]. 

Alterations in both humoral and cell-mediated immunity 
have been found in the peritoneal environment of endome- 
triosis patients [58], although it is not possible to say at the 
present time if these alterations are a cause or an effect of 
ectopic endometrium implantation. In addition, immuno- 
globulins and complement deposits were observed in the eu- 
topic endometrium of patients with endometriosis [59]. The 
various components of cell-mediated immunity such as acti- 
vated pelvic macrophages are increased in the PF of infertile 
patients with endometriosis resulting in a local peritoneal 
inflammatory cascade [60]. It was proposed that this inflam- 
matory response can lead to increased ectopic implantation 
of endometrial tissue, as well as its growth and proliferation 
[34], although a similar picture may be seen in response to 
the ectopic implantation of endometrial tissue. 

Although there is no consensus, women with endometrio- 
sis may have a decreased implantation capacity resulting in 
lower pregnancy rates, even with IVF. Reduced endometrial 
receptivity may be secondary to delayed histologic matura- 
tion, biochemical disturbances [61] or disturbance in cel- 
lular adhesion molecules such as avb3 integrin [61, 62]. It 
was also found that dysregulation of other select genes in 
the endometrium of patients with endometriosis may lead to 
impaired embryonic attachment, embryotoxicity, immune 
dysfunction, and apoptosis during the window of implanta- 
tion (WOT [63]. 

Related to answer to infertility treatment in women with 
endometriosis, it was described that they had a worse prog- 
nosis than couples with male factor infertility undergoing 
COH and intrauterine insemination (IUT) [64]. In IVF, there 
are mixed reports with some studies observing a detrimen- 
tal effect of endometriosis on success rates and others not 
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finding an adverse effect on success rates [13]. In general, 
IVF has a proven benefit over all other treatments, although 
sporadic reports suggested that endometriosis reduced the 
success rates with IVF. However, we observed that women 
with endometriosis undergoing ART have the same chance 
of clinical pregnancy and live birth, as women with other 
causes of infertility [25]. Other modalities of adjuvant treat- 
ment before IVF were proposed for women with endome- 
triosis and infertility, i.e., medical suppression of their dis- 
ease with GnRH analogs or surgery with subsequent ovula- 
tion induction or IVF. Outcomes may differ when surgery 
is followed by ovulation induction, compared with surgery 
followed by expectant management. During IVF cycles, 
outcome might be affected by prolonged use of GnRH ago- 
nists or oral contraceptives before the start of the cycle. Sup- 
pression of disease before IVF using GnRH analogs might 
interfere with the negative effect of endometriosis on cycle 
outcome since long luteal suppression with GnRH analogs 
was shown to improve outcomes compared with shorter 
courses of luteal suppression [65]. Medical treatment of en- 
dometriosis alone with oral contraceptives or GnRH analogs 
has not been shown to increase cycle fecundity rates once 
the treatment is stopped and only serves to delay attempts at 
conception [65]. Cumulative pregnancy rates in women with 
mild endometriosis had a 45% chance for conception after 
expectant management, whereas only 20% conceived with 
stage HII and none with stage IV endometriosis [66]. Lapa- 
roscopy excision of mild endometriosis had only a modest 
benefit on fertility [67]. 

Since the pathophysiology of endometriosis involves 
an inflammatory response, cell survival, proliferation, mi- 
gration, adhesion, invasion, and neoangiogenesis, a high 
number of medications were tested in preclinical models of 
endometriosis. This was done due to their theoretic capac- 
ity of disrupting important pathophysiologic pathways of the 
disease, such as inflammatory response, angiogenesis and 
cell survival, proliferation, migration, adhesion, and invasion 
[68]. Most of these agents have not been tried in the clinical 
setting, but further study may help to elucidate the physiopa- 
thology pertubations of endometriosis -associated infertility. 


Conclusions 


There is no consensus about whether milder stages of en- 
dometriosis are a cause of infertility or merely an incidental 
finding in some patients with UI. Studies by our group and 
others have shown that even cases of milder disease may in- 
hibit the mechanisms involved in fertility, such as follicular 
steroidogenesis and oocyte competence. There seems to be an 
increase in OS in both the follicular and peritoneal compart- 
ments of patients with endometriosis, as well as a possible 
increase in enzyme expression in CC which may alter oocyte 
development. The discordant results in the literature are due 
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in part to limitations of study design including a heteroge- 
neous patient population, differences in disease severity, lack 
of fertile patients with endometriosis as controls, different 
medical and surgical therapeutic modalities used for treating 
endometriosis, varying IVF outcomes studied, lack of strin- 
gent inclusion criteria, and other compounding factors that in- 
fluence IVF outcomes in endometriosis and UI patients [34]. 

Cases of UI, especially those with a long duration of in- 
fertility, may have subtle endometriosis and possible chang- 
es in the intimate mechanisms of fertilization involving 
oocyte maturation and response, as well as later embryonic 
implantation. Without laparoscopic verification of the pres- 
ence or absence of disease, endometriosis may not be able to 
be ruled out as a contributing factor in couples with UI. Even 
the absence of visible disease does not exclude subtle, atypi- 
cal endometriosis as an etiology since these types of lesions 
can be difficult to assess. While the necessity of laparoscopy 
is being debated purely on a cost/benefit assessment, the 
decreasing role of laparoscopy in the basic evaluation will 
continue to contribute a larger population of patients with 
UI that might otherwise have a diagnosis. Additionally, the 
lack of this diagnosis prevents further research into the role 
of subtle endometriosis as a factor in infertility. Fortunately, 
these patients can achieve a pregnancy as the assisted repro- 
ductive technologies are a good therapy that can overcome 
the possible intrinsic disturbances of fertilization in patients 
with UI and undiagnosed endometriosis. 
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Part IV 
Evaluation 


Evaluation of Women 
with Unexplained Infertility 


Richard P. Dickey 


Introduction 


The causes of infertility in 14,141 couples compiled from 
21 reports in 1995 were: ovulatory disorder 27%, abnormal 
semen 25%, tubal occlusion 22%, endometriosis 5%, and 
unexplained 17%. [1]. The proportion with unexplained 
infertility ranged from 0 to 26 % in these reports with the dif- 
ferences due largely to whether or not a post coital test (PCT) 
was performed, and the age of the female partner. The causes 
of infertility in over 12,000 pregnancies conceived following 
infertility treatment 1976-2010 at the Fertility Institute of 
New Orleans are shown in Table 20.1. Causes of infertility in 
couples referred for additional treatment after three or more 
cycles of clomiphene citrate (CC) are shown in Table 20.2. 
Cervical factor and thin endometrial lining were the primary 
cause of infertility in 20% of couples who became pregnant 
and in 49% of couples referred for failure to conceive after 
three or more cycles of CC. Two medical conditions, insulin 
resistance and hypothyroidism were contributing factors in 
17% of CC failures [2]. 

The goal of evaluation of the infertile couple is to identify 
the cause of their infertility or subfertility, which may be 
due to a medical or surgically correctable disorder in either 
partner. Modern infertility treatment with ovulation induc- 
tion (OI) and in vitro fertilization (IVF) make it possible to 
circumvent most causes of unexplained infertility. However, 
proceeding directly to OI and IVF without diagnosing and 
treating the underlying cause may adversely affect the preg- 
nancy and the fetus. 

Conception requires ovulation of a mature oocyte, nor- 
mal fallopian tubes, the presence of progressively motile 
sperm in the female reproductive tract, and an endometri- 
um favorable for implantation. Evaluation of unexplained 
infertility assumes that a semen analysis, and diagnostic 
tests for ovulation and tubal patency are normal, and that 
sufficient time has elapsed for conception to occur naturally. 
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Table 20.1 Causes of infertility at the fertility institute of New 
Orleans: 1976-2010. (Adapted from [2]. With permission from 
Cambridge University Press) 


Factor Incidence (%) 
Male 40 
Ovulatory dysfunction 35 
Uterine-tubal 25 
Peritoneal/endometriosis 15 
Cervical mucus 10 
Under developed endometrium 10 


Table 20.2 Infertility factors in 100 couples referred to the fertility 
institute of New Orleans due to failure to conceive after three or more 
cycles of clomiphene citrate (CC). (Adapted from [2]. With permission 
from Cambridge University Press) 


Factor Incidence (%) 
Cervical 39 

Peritoneal (endometriosis) 31 

Male (undiagnosed) 25 

Tubal 24 

Insulin Resistance 12 
Endometrial (thin endometrium) 10 
Hypothyroidism 5 


Evaluation proceeds in a step wise manner from the least to 
the most complex and invasive tests. 

The first step in evaluation of unexplained infertility is 
to rule out medical conditions as a cause. At a minimum, 
TSH and fasting insulin and glucose should be measured. 
Dehydroepiandrosterone sulfate (DHEAS) alone or with 
testosterone and 17-Hydroxyprogesterone (17-OHP) should 
be measured if there is clinical evidence of excessive an- 
drogen. Immunological testing other than for antisperm an- 
tibodies is not indicated. Antiphospholipid syndrome and 
anti-thyroid antibodies have been associated with recurrent 
pregnancy loss, not with infertility. 

The second step is to re-examine whether the results of 
initial tests of semen quality and quantity, ovulation, and 
tubal patency were truly normal. 
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The third step is to determine whether endometrial devel- 
opment at the time of ovulation is normal and progressively 
motile sperm are present within the cervical canal 6—12 h 
after coitus which evaluates both coital and cervical mucus, 
significant infertility factors that are not evaluated by the 
traditional triad of tests. 

The fourth step, when there are findings of either subopti- 
mal ovulation or less than optimal progressively motile sperm 
in the cervical mucus is a three month trial of intrauterine 
insemination (IUT), CC induction of ovulation, or both. 

The fifth and final step is IVF with split insemination, a 
portion of oocytes exposed to sperm in vitro and a portion 
of oocytes subjected to intracytoplasmic sperm injection 
(ICSI). If embryos develop to blastocyst stage but fail to 
implant PGS may be considered. 


Step One: Tests for Medical Conditions 
Overweight, Underweight 


Ovulation disorders due to stress, exercise, and eating or 
weight disorders are caused by abnormalities in the pulsatile 
secretion of hypothalamic gonadotropin releasing hormone 
(GnRH). Obesity (BMI>25) is a common cause of anovula- 
tion. It has been estimated that 50% of women who are more 
than 20% over their ideal weight will be anovulatory or have 
luteal insufficiency. Often a 9 kg (20 1b) or 5% reduction in 
body weight is all that is required to restore ovulation and 
potentially fertility. Underweight (BMI<18.5) due to vol- 
untary caloric restriction and hypoglycemia are dietary dis- 
orders associated with suboptimal ovulation. Both disorders 
may be diagnosed by a 4 h glucose tolerance test. A return to 
fasting serum glucose level 1 h after ingestion of a glucose 
load indicates inadequate carbohydrate in the diet. It can be 
corrected by consuming a diet containing 200 plus grams 
of carbohydrates, the “carb up” diet employed by Marathon 
runners. A serum glucose level of 60 mg/dL or less 3—4 h 
after a 75 g glucose load indicates hypoglycemia, correct- 
able by replacing sugar and fructose in the diet with complex 
carbohydrates contained in wheat, rice, and other grains. 


Insulin Resistance 


Obesity is associated with insulin resistance, but many pa- 
tients with incipient insulin resistance may have normal 
weight. Insulin resistance was the primary cause in 12% of 
patients who failed to conceive after three or more cycles 
of CC-IUI Table 20.2. Evidence of excessive androgen 
(excessive body and facial hair, oily scalp, and in young 
women acne) are commonly present in insulin resistant 
women due to elevated IGF1 levels and acanthosis nigricans, 
a thickening and darkening of the skin on the back of the neck 
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and inner thighs is pathognomonic for insulin resistance. 

Hyperinsulinemia, if left untreated can lead to hypertension 

and an increased risk of cardiovascular disease as well as 

gestational diabetes. Insulin resistance is considered to be 

one component of a condition formerly called syndrome X 

and now labeled metabolic syndrome. In addition to insulin 

resistance and obesity, the metabolic syndrome requires 

there to be three or more of the following: [3] 

e Hypertension 130/85 mm Hg or higher 

e Triglyceride levels 150 mg/dL or higher 

e HDL-cholesterol levels less than 50 mg/dL 

e Abdominal obesity waist circumference greater than 35 
in. 

e Fasting glucose 110 mg/dL or higher 

Laboratory findings in IR are: fasting insulin levels greater 

than 20 uU/mL, and a fasting glucose to fasting insulin ratio 

less than 4.5 [4]. The first line of treatment for women with 

borderline and mild IR should be weight loss. Metformin 

500-1000 mg twice a day with meals is indicated for women 

with sub-optimal ovulation who continue to have elevated 

insulin levels after weight loss. Addition of CC is often 

necessary as these women often remain anovuatory [5]. 


Adrenal Hyperplasia 


Congenital adrenal hyperplasia is an autosomal-recessive 
inherited enzyme defect that results in metabolic disorders 
and in the classical form (complete enzyme block) mascu- 
linization of newborn females, salt wasting, and potentially 
death if not diagnosed in a timely fashion. It is fortunately 
rare. A mild form of adrenal hyperplasia with onset at or 
following menarche, is variously labeled, late-onset, adult 
onset, acquired, partial, attenuated, or nonclassical adrenal 
hyperplasia. Clinical signs include: hirsutism, mild acne; 
increased scalp sebum, and possibly mild hypertension. The 
diagnosis is confirmed by 17-hydroxy P levels > 200 ng/dL or 
DHEAS sulfate levels > 180 ug/dL. ACTH stimulated levels 
of 17-OHP can also be used to differentiate mild forms with 
borderline baseline levels. Elevated DHEAS is more com- 
mon in mild cases and can be measured first. Treatment for 
either defect is low dose corticosteroid (0.5 mg dexametha- 
sone or 5 mg prednisone) daily at bedtime. The addition of 
CC is often necessary for ovulation. 


Thyroid 


Hypothyroidism was identified in 5% of patients who 
failed to conceive after three or more cycles of CC-IUI 
(Table 20.2). Hypothyroidism and hyperthyroidism are 
associated with menstrual dysfunction, with hypothyroidism 
being more common. Thyroid stimulating hormone (TSH) 
levels less than 0.4 U/mL are abnormal and indicate the 
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need for additional studies to diagnose hyperthyroidism. 
Although TSH levels >4.5 U/mL are generally accepted 
as diagnostic of subclinical hypothyroidism, many medi- 
cal and reproductive endocrinologists consider TSH levels 
>2.5 uU/mL as abnormal and may contribute to ovulatory 
dysfunction. Hypothyroidism during pregnancy is linked 
to miscarriage and mental retardation in children. Patients 
with TSH levels >4.5 should be treated with levothyroxine 
(LTX) 50-75 mcg per day before attempting pregnancy. 
Treatment with LTX 25-50 mcg per day may be considered 
for anovulatory patients when TSH levels are between 2.5 
and 4.5 wU/mL. While pregnant, patients with TSH levels 
>2.0 U/mL should be retested monthly during the first 
trimester and again post partum. Newly pregnant patients 
already using LTX should have the dose increased by 
20-50% (at least 25 mcg) as soon as pregnancy is confirmed. 
TSH levels are approximately 30% lower when measured 
while patients are fasting. 


Hyperprolactinemia 


Mildly elevated prolactin levels<35 ng/mL are not as- 
sociated with unexplained infertility but may be second- 
ary to hypothyroidism. Moderate elevation of prolactin 
above 35-100 ng/ml can be associated with abnormal 
folliculogenesis and luteal phase dysfunction. The incidence 
of hyperprolactinemia in an infertile population has been 
reported to be as high as 20 % [6]. Causes of mild to moderate 
increases in prolactin include antidepressant and antipsy- 
chotic medications, physical activity, stress, nipple stimu- 
lation, high carbohydrate meal, etc.; mildly elevated levels 
should be repeated early am and fasting. 


Step Two: Reexamination of Initial Tests of 
Semen, Ovulation, and Tubal Patency 


Semen Analysis 


A comprehensive semen analysis requires strict morphology 
by Kruger [7] criteria and is difficult to obtain from commer- 
cial and hospital or non specialty clinical laboratories. Until 
1980, the standards for normal semen were those established 
by MacLeod and Gold in 1951, who analyzed the sperm 
counts of 1000 fertile and 1000 infertile men. They observed 
that 19% of infertile men had counts of less than 20 million/ 
ml compared to 8% of fertile men [8]. On this basis they 
stated that men with sperm counts above 20 million/ml were 
fertile, and men with counts below that concentration were 
subfertile, even though they had not further stratified counts 
of less than 20 million. They proposed that a minimum of 
50 million total sperm, 30 % “active” sperm and 55 % normal 
morphology were necessary for normal male fertility [9]. 
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Although reports with lower thresholds were subsequently 
published by others and had been published previously, Ma- 
cLeod and Gold’s values were used to define male infertility 
for the next 30 years. 

In 1980, the WHO published new standards for normal 
semen parameters. These were 20 million per ml, 40 mil- 
lion total count, 50% forward progression, and 30% nor- 
mal forms [10]. In the fourth edition of The WHO Labo- 
ratory manual for the “Examination of Human Semen and 
Sperm-Cervical Mucus Interaction” published in 1999, there 
were two important changes [11] (Table 20.3). The first was 
that the new reference value for normal motility could be 
either 50% overall motility or 25% rapid progressive mo- 
tility (PM) within 60 min of ejaculation. The second was 
a new reference value for normal morphology of 15% by 
strict Kruger criteria based on results of IVF studies [12]. 
When evaluated by strict criteria, sperm with 15 % or greater 
normal forms were observed to have normal fertilization 
capability in vitro. Sperm with 5-14% normal forms had 
intermediate, and sperm with<5% normal forms had poor 
fertilization capability in vitro [12]. Significantly, Kruger ar- 
rived at his definition of normal from the shape and measure- 
ments of progressively motile sperm found in cervical mucus 
9-12 h after coitus [7]. When evaluating semen analysis re- 
ports from commercial centers, hospitals, and non-specialty 
laboratories, it is necessary to know which WHO criteria is 
being used and to realize that these criteria are very likely to 
change again. 

Initial fresh semen quality necessary for normal preg- 
nancy rates in IUI cycles differs from the WHO standard for 
semen analysis with respect to concentration (count per ml), 


Table 20.3 World Health Organization reference values for normal 
sperm. (Adapted from [11]. Reprinted with the permission of 
Cambridge University Press) 

Reference value 

>2.0 ml 

>20 x 10°/ml 

>40 x 10 million per ejaculate 


Parameter 

Volume 

Sperm concentration 
Total sperm count 


Motility >50% motile or 25% with PM 

Morphology >30% normal forms or > 15 % using strict 
criteria 

TMS >25 x 10 million per ejaculate 

Grade of progression 3—4 

Agglutination 0-1 

Liquefaction complete in 20-30 min. 

Viscosity 0-1 

pH 7.2-7.8 

Viability >75% or> 12-15% difference from % 
motility 

PMNS (WBC) <1 million/ml 


Total motile normal sperm (TMNS) derived from above, >3 x 10 mil- 
lion per ejaculate 

TMS: Total motile spermatozoa 

PMNS: Polymorphonuclear granulocytes 
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and total sperm count because the entire volume is used to 
prepare the insemination specimen, the sperm are placed 
directly into the uterine cavity and fallopian tubes bypass- 
ing the cervix. Based on semen analysis performed before 
preparation for timed IUI in 4056 spontaneous, clomiphene, 
or gonadotropin cycles, sperm criteria for pregnancy rates of 
> 8% per IUI cycle (threshold levels) were: 5 million sperm 
per ml, 10 million total count, 30% progression motility, 
5 million total motile sperm (TMS) and 5% normal forms. 
(Table 20.4) [13]. Pregnancy rates per cycle were 2.5% 
when values were lower than these threshold levels. Preg- 
nancy rates were 50% higher when the total count was more 
than 80 million, forward motility was greater than 50%, or 
TMS were more than 40 million. Pregnancy rates did not 
increase when there were more than 5% normal forms. 


Table 20.4 Relation of initial sperm quality to per-cycle pregnancy 
rate. (Adapted from [13]. With permission from Elsevier) 


Sperm variable No. ofcycles No. of Pregnancy rate 
pregnancies per cycle (%) 
Concentration: (x 10°/mL) 
<5 121 3 2.5 
5-10° 221 19 8.6 
10-20 434 38 8.8 
20—40 794 306 10.4 
>40 2486 306 12.3 
Total sperm count (x 10° per ejaculate) 
<10 102 1 1.0 
10-20 183 15 8.2 
20-40 352 29 8.2 
40-80 647 55 8.5 
>80 2772 349 12.6 
Sperm motility (%) 
<20 80 1.2 
20-30 194 7 3.6 
30—40° 555 54 9.7 
40-50 955 123 12.9 
>50 2272 264 
Percent normal forms (%) 
<5 i 0 0 
5-10? 34 3 10.7 
10-20 127 16 12.7 
20-30 248 29 11.7 
30-60 1804 209 11.6 
>60 1719 175 10.2 
Total motile sperm (* 10° per ejaculate) 
<5 175 4 2.3 
5-10? 193 16 8.3 
10-20 402 33 8.2 
20—40 658 59 9.0 
>40 2626 337 12.8 
“Threshold level 


aà Less than threshold value vs. threshold value; Fisher’s exact test 
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Ovulation 


Ovulation may have been confirmed during an initial evalu- 
ation of the infertile female by physiological, histological, or 
hormonal test but could still be an incomplete or suboptimal 
ovulation. Lutenized unruptured follicle (LUF) syndrome is 
an old term used to describe a condition in which ovulation 
appears to have occurred on the basis of hormonal or his- 
tological tests but the oocyte did not appear to be released 
by ultrasound (US) or other criteria. In most cases it is due 
to inaccuracy of the tests used to “confirm” ovulation or to 
an inadequate LH surge. Suboptimal ovulation is a more 
correct term for a common condition usually called luteal 
insufficiency (LI) where the oocyte is released but P levels 
or endometrial biopsy results are suboptimal. The underly- 
ing defect may be either inadequate follicular development 
or a weak LH surge. Tests used to evaluate ovulation and 
their interpretations are shown in Fig. 20.1. In patients with 
unexplained infertility, either US or laparoscopy, before and 
after presumptive ovulation, is necessary to confirm lack of 
ovulation. In the controversial LUF syndrome, ovulation is 
suspected not to have occurred despite an LH surge, or phys- 
iological changes normally associated with ovulation (shift 
in basal body temperature, mid cycle pain, cervical mucus 
thickening). However, no change in size of the dominant fol- 
licle on US and no operculum (stigma of ovulation) found at 
laparoscopy post LH surge would be presumptive evidence 
of this. Unfortunately, because of these requirements, defini- 
tive evidence for this disorder is lacking. 

Luteal insufficiency (LI) is a subtle abnormality of ovula- 
tion characterized by abnormally low levels of P production 
by the corpus luteum or a short luteal phase [14, 15]. Patients 
with LI ovulate but it has been hypothesized that pregnancy 
fails to occur or ends in early miscarriage. It is one of the 
most common ovulatory disorders in patients over the age of 
28. Estimates of the prevalence of LI in fertility and women 
with recurrent early pregnancy loss range from 3.5 to 60% 


Ovulation Function Evaluation 


i Physiological 
® Normal; Basal Temperature >98.0 degrees Fahrenheit 
(37 degrees Celcius) x 14 days. 
® Abnormal: Increase in premenstrual cramping, clotting 
® Histological: 


® Normal; In Phase Endometrial biopsy, 
® Abnormal: > 2 day lag in development 
® Hormonal Progesterone 


® Normal; >18 ng/mL 4-7 days after ovulation 
® Abnormal: <18 ng/mL = Luteal Insufficiency 
® Abnormal: < 7 ng/ml = anovulation 
® Other: Pre & Post-ovulation US, Laparoscopy 
® Only absolute confirmation of ovulation. 


Fig. 20.1 Ovulation function evaluation 
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[15]. Luteal phase P is principally produced by theca-luteal 
cells derived from granulosa cells in the preovulatory fol- 
licle. Low levels of luteal phase P may be due to inadequate 
FSH stimulation in the proliferative phase or inadequate 
LH stimulation in the luteal phase. P is released in pulsatile 
fashion in time with LH pulses and has considerable diurnal 
variation [14]. Low levels of both estradiol and P indicate 
deficient granulosa cell numbers or activity. If only P is low 
and estradiol is > 180 pg/ml, the problem may be deficient 
LH stimulation, defective theca-luteal cells secondary to a 
hemorrhagic CL cyst, or the level being tested during the 
nadir of pulsatile P secretion. 

At one time the diagnosis of LI was made by endometrial 
biopsy, a procedure that was uncomfortable and risked in- 
jury to an implanted embryo. Today, the diagnosis is more 
often based on serum P levels and the appearance of the 
endometrium on US. Although some textbooks and labora- 
tory manuals report serum P concentrations of 500—1000 ng/ 
dL (0.5-1.0 pg/mL) as evidence of normal ovulation, many 
infertility experts and the current author included, believe 
that levels lower than 1600-1800 ng/dl (1.6-1.8 pg/ml) 
are associated with failure to implant or early miscarriage 
[16]. Others believe that P levels must be below 1000 ng/ 
dl (10 pg/ml) on repeated sampling in order to diagnose LI 
[14]. On US, the midluteal phase endometrium should have 
a thickness >9 mm and the endometrial pattern should be ho- 
mogeneous and hyperechogenic [17]. 


Tubal Patency 


Tubal obstruction and tubal adhesions are responsible 
for 25% of identified cases of infertility. Causes of tubal 
disease include: infection (primarily Chlamydia trachoma- 
tis, but also tuberculosis in some countries), endometriosis, 
pelvic surgery and rarely uterine fibroids. Hysterosalpingo- 
gram and sonohysterogram alone are inadequate for com- 
prehensive evaluation. A hysterosalpingogram (HSG), can 
provide detailed information about the uterine cavity that 
laparoscopy, without the addition of hysteroscopy, cannot. 
Laparoscopy is necessary to provide information about tubal 
adhesions to the ovaries and other pelvic structures and to 
diagnose endometriosis. Endometriosis and adenomyosis, as 
a cause of tubal occlusion were identified in 15 % of infertil- 
ity patients who eventually conceived (Table 20.1), and were 
a factor in 31 % of patients who failed to conceive after three 
or more cycles of CC-IUI (Table 20.2). 

An infertility evaluation is incomplete until a diagnostic 
laparoscopy has been performed, but the question is when in 
the course of the infertility work up it should be done. In the 
absence of clinical findings or symptoms of pelvic patholo- 
gy, tubal evaluation may be reasonably postponed until after 
three or four cycles of IUI alone or CC-IUI. Tubal evaluation 
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should be performed before beginning gonadotropins, a more 
costly and intrusive procedure. The decision about whether 
to perform HSG or laparoscopy before starting any form of 
infertility treatment is aided by testing for serum chlamydia 
IGG and CA-125 early in the diagnostic workup. 


Step Three: Evaluation of Endometrium 
Development and Cervical Mucus 


Endometrium Thickness and Pattern 


Insulin resistance was the primary cause in 10% of patients 
who conceived following infertility treatment (Table 20.1) 
and also 10% of patients referred because of failure to con- 
ceive after three or more cycles of CC-IUI (Table 20.2). 
Endometrial thickness and pattern on the day of the spon- 
taneous LH surge or hCG administration are intimately 
associated with implantation success or failure in IUI and 
IVF cycles [17-19]. Conception rarely occurs in OI-IUI 
cycles when endometrial thickness is<6 mm on the day 
of spontaneous LH surge or hCG; conception and delivery 
rates are highest when endometrial thickness was >9 mm 
(Chap. 27, Table 27.4) [17, 19]. Endometrial thickness was 
less than 9 mm in 65% and less than 6 mm in 8.7 % of spon- 
taneous ovulatory cycles during initial evaluation of infertile 
couples. (Table 20.5) [17]. Six to seven days after a sponta- 
neous LH surge or hCG injection, the endometrium should 
show a completely homogeneous hyperechogenic pattern. A 
mixed or triple line pattern at the time of implantation have 
been associated with inadequate 170H-P (luteal insufficien- 
cy) and a lower pregnancy rate [17, 19, 20]. Other endome- 
trial and uterine abnormalities that affect endometrial thick- 
ness or may have an adverse effect on implantation include 
intrauterine synechiae (Asherman’s syndrome), endometrial 
polyps, endometrial hyperplasia, endometrial fluid, and sub- 
mucosal fibroids [21]. 


Cervical Mucus 


Cervical factor was the presumed etiology of infertil- 
ity in 10% of patients who conceived following infertility 


Table 20.5 Endometrial thickness according to OI regimen: per- 
cent cycles. (Reprinted by permission from the American Society for 
Reproductive Medicine [19]) 


Regimen No. cycles <6 mm 6-8 mm >9 mm 
None 23 8.7% 56.5% 34.8% 
CC 197 9.1% 43.6% 47.2% 
hMG 49 2.0% 38.8% 59.2% 
hMG+CC 205 11.2% 55.6% 33.2% 


CC Clomiphene, hMG human menopausal gonadotropin, OI = ovula- 
tion induction 
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treatment (Table 20.1) and in 39% of patients referred 
because of failure to conceive after three or more cycles of 
CC-IUI (Chap. 27, Table 27.2) [21]. The appropriately timed 
Sims-Huhner post coital test (PCT) evaluates coital tech- 
nique, mucus quality and quantity, and the ability of sperm to 
enter and survive in the cervical canal. A simple practice such 
as use of a petroleum based lubricant or other spermicidal 
lubricants may be all that is preventing conception in some 
couples. In addition, infections that may cause hostile cervi- 
cal mucus (Ureaplasma, Coagulase positive Staphylococcus, 
Enterococcus) or other bacteria associated with adverse 
delivery outcome (Streptococcus) may be detected and 
treated. A good to excellent semen analysis does not elimi- 
nate the possible need for IUI, where as a good to excellent 
PCT may delay the need for a more formal semen analysis 
(without strict morphology recommended before IVF). The 
presence of any sperm with rapid PM argues against sig- 
nificant male or cervical factor as a cause of infertility, and 
the presence of large numbers of PM sperm is presumptive 
evidence that IUI is unnecessary and will not increase the 
possibility of pregnancy [22]. The presence of progres- 
sively motile sperm without evidence of clumping is also 
presumptive evidence for the lack of significant anti sperm 
antibodies. However, sperm penetration into cervical mucus 
and fertilization in IVF fertilization are not significantly 
impaired unless 50% or more of motile sperm exhibit head- 
head clumping, indicating potentially the presence of anti- 
sperm antibodies. [23]. 

The PCT using >5 PM sperm per high-power field as a 
cutoff point has been a standard part of infertility evaluation 
in the USA for many years. However, the presence of a sin- 
gle motile sperm is evidence that pregnancy is possible and 
the presence of >20 progressively motile sperm indicates 
both that neither sperm or cervical mucus is responsible for 
the unexplained infertility and that IUI will most likely not 
substantially improve the chance of conception [24, 25]. 
The sensitivity and specificity of a 6-10 h PCT with mucus 
collected from within the cervical canal depend on whether 
the criteria for a positive test was set at > 1, >5, or >20 PM 
sperm per hpf [25]. (Table 20.6) The predictive power of a 
PCT overrides that of semen analysis except when sperm 
numbers are severely depleted. [26]. 


Table 20.6 Sensitivity and specificity of post coital test (PCT) 
according to sperm criteria*. (Adapted from [25]. With permission 
from Oxford University Press) 


Motile sperm per field Sensitivity? Specificity® 
(x 400) 

21 0.62 0.80 

25 0.84 0.44 

>20 0.90 0.30 


è Studies with 200 +couples, weighted averages 
> Sensitivity =ability to identify infertile couples 
€ Specificity =ability to identify fertile couples 
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Table 20.7 Infertility work practices of 397 reproductive endocrinol- 
ogists. (Adapted from [28]. With permission from Elsevier) 


Semen analysis 100% 
Hysterosalpingogram 96% 
Laparoscopy 89% 
PCT 79% 
Prolactin 66% 
TSH 59% 
US 54% 


è 92% private practice, 73 % academic practice 
PCT post coital test 

TSH thyroid stimulating hormone 

US ultrasound 


The value of the PCT has been questioned because of 
its inability to predict fertility (specificity) or non-fertility 
(sensitivity) in 100 % of couples, because of the lack of stan- 
dardization as to number of sperm that constitute a positive 
test and because it is possible to recover peritoneal sperm 
despite a poor PCT [27]. With few exceptions, peritoneal 
sperm recovery studies have involved intra-cervical insemi- 
nation of sperm and small numbers of patients. Recently, 
there has been a trend in the USA and Europe, to bypass the 
PCT and treatment of mucus disorders and proceed directly 
to IUI in couples with unexplained infertility and patients 
treated with OI drugs. However, a 1998 report of a survey 
of Board Certified Reproductive Endocrinology Infertility 
(REI) specialists in the USA found that 92 % in private prac- 
tice and 73% in academic practice employed the PCT in 
their initial evaluation of infertile couples (Table 20.7) [28]. 

The PCT should be performed 9-12 h after intercourse, 
the length of time presumed to be required for capacitation 
in order to evaluate sperm survival and behavior. It should 
be performed 1-3 days before ovulation occurs, in order to 
evaluate mucus quality when it is at its peak [29]. When the 
PCT is abnormal and the semen analysis is normal, empiric 
treatment of the cervical mucus with antibiotics like a 
cephalosporin for Staphylococcus) or doxycycline for other 
bacteria, quanefesin for viscous mucus or precoital alkaline 
douche may be tried before moving to IUI. 


Step Four: Clomiphene, IUI 


The rational for using CC alone and with IUI for unex- 
plained infertility is that it may increase the number of ovu- 
lated eggs and/or correct subclinical ovulatory dysfunction 
and a “luteal phase defect” [30]. The advantages of CCs 
over gonadotrophin for OI include: a low incidence of mul- 
tiple pregnancies and ovarian hyperstimulation syndrome 
(OHSS), low cost, oral administration and less need for cycle 
monitoring. For patients under age 40, administration of CC 
or IUI alone for three cycles, followed by CC plus IUI for 
three cycles, followed by low doses of gonadotropin plus IUI 
for three to six cycles is the traditional protocol for the treat- 
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ment of unexplained infertility [31]. During the 1980s the 
traditional protocol was modified to include IVF after three 
unsuccessful cycles of COH-IUI. An important reason for 
use of CC or CC-IUI before COH is that it reduces the risk 
of twins and triplets and higher order multiple pregnancy 
(HOMP) [32, 33]. A recent alternative to the traditional pro- 
tocol is to eliminate COH-IUI and proceed directly to IVF 
when pregnancy does not occur after three cycles of CC-IUI 
[34]. 

The rational for IUI is that by concentrating motile sperm 
in the upper genital tract, it increases the probability of fertil- 
ization when 5 million or more total motile sperm with 30% 
or greater PM are available in the pre wash semen specimen 
and that it by passes deficient or hostile cervical mucus. The 
anti-estrogen affects of CC on the endometrium and cervical 
mucus are significant in a least 20% of treatment cycles so 
that effective use of CC requires monitoring with US and 
PCT (in cycles where intercourse and not IUI is planned), 
even though sperm were plentiful in the mucus and endo- 
metrial thickness was >9 mm in a non treatment cycle. US 
monitoring initially and before ovulation also reduces the 
risk of multiple pregnancy. Polycystic ovaries are not always 
apparent on screening US during the initial evaluation of 
infertility and may appear only during OI. The pregnancy 
rate per cycle is dependent on the number of preovulatory 
follicles that develop in response to stimulation and patient’s 
age. Traditionally CC use in unexplained infertility is usu- 
ally limited to three cycles, however CC and CC-IUI may 
be continued for up to six cycles with a reasonable chance of 
success if fewer than three follicles develop or patients are 
older, there is a satisfactory endometrial lining and cervical 
mucus and no evidence of tubal adhesions or untreated en- 
dometriosis on laparoscopy [35]. If the anti-estrogen effects 
of CC are predominant (thin endometrium, thick or hostile 
mucus, more than one or two preovulatory follicles), tamoxi- 
fen may be substituted for CC rather than switching to go- 
nadotropins for ovulation induction with their greater risk of 
multiple pregnancy. 


Step Five: IVF 


In 2010, 12,420 IVF cycles representing 13% of all IVF 
cycles in the USA, were performed for unexplained infertil- 
ity. IVF allows assessment of oocyte quality, sperm-oocyte 
interaction, embryo development as far as the blastocyst 
stage, and implantation of morphologically normal embryos. 
If PGS is performed with analysis of all 23 chromosome 
pairs, the ratio of abnormal (aneuploid) to normal (euploid) 
to embryos and type of aneuploidy can be determined [36]. 
On average, greater than 50% of embryos are aneuploid and 
the percent of aneuploid embryos increases with advancing 
female age [37]. During IVF cycles, the ovaries are subject 
to gonadotropin stimulation. If the number of preovulatory 
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Table 20.8 Relationship age, FSH and antral follicles to eggs, 
embryos, and pregnancy. (Adapted from [2]. With permission from 
Cambridge University Press) 


Age (years) 25-29 30-34 35-39 40-44 
Antral follicles 13.5 10.9 9.6 7.6 
Preovulation follicles 21.6 20.6 15.8 9.2 
% Antral follicles 160 189 165 121 
Oocytes 11.2 9.5 6.8 

% Antral follicles 86 103 99 76 
% Preovulation follicles 54 54 60 63 
Good quality embryos 6.1 5.8 4.2 2.0 
% Antral follicles 45 53 44 27 
% Preovulation follicle 28 28 27 22 
% Oocytes inseminated 52 52 44 35 
% Sacs/Embryos trans 50 48 38 27 
Pregnancy/Cycle % 60 56 48 43 
Cont. pregnancy/cycle % 52 38 23 19 


Relationship good embryos to: number preovulation follicles > 10 mm 
r=0.50, antral follicle count r=0.39, patient age r=—0.31, FSH 
r=—0.23 


follicles that develop in response to stimulation, the number 
of oocytes retrieved or the number of good quality embryos 
per oocyte are less than average for other patients of the 
same age, this may provide an explanation for unexplained 
infertility. 

The probability of pregnancy in IVF cycles is most close- 
ly related to age. Between the ages of 25 and 40, the average 
number of antral follicles and oocytes decrease by approxi- 
mately 3% per year, while the number of preovulatory fol- 
licles>12 mm, good quality embryos and implantations per 
transferred embryo decrease by approximately 4.0 to 4.5% 
per year Table 20.8 [2]. The percent of oocytes retrieved 
per preovulatory follicles does not decrease with age. The 
percents of preovulatory follicle per antral follicle and good 
quality embryos per preovulatory follicle do not decrease 
until after age 40. Therefore the probability of pregnancy and 
live birth can be predicted by age and antral follicle count 
(r=0.39) and even more reliably by age and number of pre- 
ovulatory follicles (r=0.50) although the implantation rate 
per embryo transferred does not vary dramatically between 
“good” responders and “low” responders. The improvement 
in pregnancy rates, therefore appears to be more closely 
linked to a difference in number of embryos transferred and 
embryo selection. 

Other methods to predict fecundity include the anti- 
Miillerian hormone (AMH), inhibin B concentration (IHB), 
day 3 follicular stimulating hormone (FSH) levels, clomi- 
phene challenge test (CCT) and ovarian volume on the third 
to fifth cycle day. The sensitivity, specificity, and predictive 
value of these tests have been reviewed recently [38]. In a 
single cycle, the predictive ability was: inhibin B 71%, FSH 
77%, AFC 80%, CCT 81%, and AMH 92%. Results of any 
tests must be interpreted to the patient with caution, because 
patients with abnormal levels in one cycle may become preg- 
nant in a later cycle. 
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Summary 


Fertility requires motile sperm in adequate numbers, a 
favorable cervical mucus, unobstructed fallopian tubes with 
fimbria capable of touching the surface of the ovary, a ma- 
ture oocyte that is released from the ovary, endometrium 
adequate for implantation and ovarian or exogenous P levels 
to support the endometrium until the placenta assumes that 
role. Thorough evaluation of all factors is necessary before 
declaring infertility as “unexplained.” The success of IUI 
alone, CC-IUI and COH IUI in treatment of unexplained 
infertility is evidence that cervical mucus plays a role and 
should be evaluated or bypassed and that oocyte matura- 
tion represented by preovulatory follicle size and estrogen 
level per follicle, and in the luteal phase by estradiol and P 
levels, are intimately associated with fecundity. Capability 
of the fimbria to reach the site of ovulation cannot be verified 
without laparoscopy. Lastly, oocyte maturity and capability 
of fertilization and development of an embryo with normal 
chromosome component would require IVF with embryo 
trophectoderm biopsy and genetic testing for aneuploidy. 
Unfortunately, resorting to IVF may or may not identify the 
problem and even if identified, may require IVF for future 
pregnancies, since these steps are not yet correctable. 
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Introduction 


Infertility affects the male, the couple, and also the society. 
Approximately 10% of all couples seek fertility assessment. 
Although assisted reproductive techniques (ART) remain an 
effective option for infertile couples, the cost is considerable, 
and there is a small but definite risk of ovarian hyperstimula- 
tion as well as fetal and maternal consequences associated 
mainly with multiple gestations. 

In half of infertility cases, a male factor is involved. When 
possible, identifying the pathology and treating the male may 
allow couples to regain fertility and conceive through natural 
intercourse. The goal of specific treatments of infertility is 
to overcome identifiable disorders by increasing the fertility 
status, thus allowing pregnancy achievement. 

Any process that influences sperm production and/or 
sperm function is potentially harmful to male fertility. There 
are many causes of male infertility including cryptorchidism, 
varicocele, primary testicular failure, genetic conditions, go- 
nadotoxin exposure, hormonal dysfunction, immunological 
conditions, ejaculatory dysfunction, systemic diseases, and 
genital tract obstruction or infection. However, in spite of 
advancements in the diagnostic work-up of infertile men, 
about 22-28 % men exhibit normal semen analyses and still 
are unable to conceive spontaneously [1]. This condition is 
referred to as unexplained male infertility, and nonspecific 
treatments, based on theoretical concepts, are usually ap- 
plied. Empiric therapies may be used and a variety of em- 
piric medical therapies have been recommended to treat 
these patients [2]. However, with few exceptions, most of the 
recommendations are not based on controlled studies, and 
large placebo controlled trials are still lacking in this area. 

Unexplained infertility might result from numerous dis- 
crete defects in sperm production and maturation that are 
yet unidentified. A better understanding of these defects will 
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yield more effective treatment options and appropriate tri- 
age of patients to specific therapeutic regimens, avoiding un- 
necessary use of ART. The application of these methods in 
the majority of infertile couples would definitely represent 
overtreatment. 

The goal of this chapter is to provide the reader with a 
foundation for a comprehensive evaluation of the male part- 
ner presenting with normal seminal parameters, providing to 
the urologist the essential elements necessary to understand 
the ideal evaluation of unexplained male infertility. 


Clinical Evaluation 


Initial assessment of infertile male patients should be me- 
ticulous and detailed in order to rule out any obscure cause of 
infertility before delving deeper into evaluating the potential 
etiologies of unexplained male infertility. In these couples, 
particular attention should be given to identifying occult 
female factor fertility issues, as well as assessing coital 
frequency to optimize reproductive timing for conception. 
Almost two thirds of infertility can be attributed to the fe- 
male side, either wholly or in combination with male factors. 
Failure to include these considerations into the evaluation 
and management can result in unsuccessful and unnecessar- 
ily costly treatment courses. 

A thorough history is important including information 
about not only medical and surgical problems, but also 
developmental issues, occupational and social habits and 
exposures [3]. Sperm production is a very sensitive produc- 
tion cycle to overall body health and problems that make the 
body ill will often influence spermatogenesis. 

Simple problems of coital timing and frequency can be 
corrected by a review of the couple’s sexual habits. An ap- 
propriate frequency of intercourse is every 2 days, performed 
within the periovulatory period, the window of time sur- 
rounding ovulation when egg fertilization is possible. Cou- 
ples should be counseled to avoid lubricants if at all possible. 
It is also wise to discontinue any superfluous medications 
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Table 21.1 Medications and substances that impair male fertility 
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Substance Effect Reference 
Alcohol Inhibit testosterone synthesis [5] 
Anticonvulsants Sperm abnormalities [6] 
Arsenic Decrease sperm concentration and motility [7] 
Cadmium Decreased acrosome reaction [8] 
Caffeine Lower sperm concentration [9] 
Calcium channel blockers Impairs sperm biding function [10] 
Cimetidine Androgen antagonist/lower sperm count [11] 
Ketoconazole Inhibit testosterone synthesis [12] 
Lead Lower sperm count and motility [13] 
Marijuana Reduces sperm motility [14, 15] 
Medroxyprogesterone Azoospermia [16] 
Mercury Lower sperm count and motility [17] 
Nitrofurantoin Sperm immobilization [18] 
Pesticides Reduction in sperm concentration [19] 
Solvents Lower sperm count and motility [20] 
Sulfasalazine Decreased semen quality [21] 
Tobacco Higher incidence of oligozoospermia [22] 
Tricyclic antidepressants Induces DNA fragmentation [23, 24] 


Spermicidal activity 


during attempts to conceive [4]. Other coital toxins comprise 
heat exposure from regular saunas, hot saunas, hot tubs, or 
Jacuzzis and the use of cigarettes, cocaine, marijuana, and 
excessive alcohol [3]. Table 21.1 summarizes substances and 
medications related to infertility and its possible effects on 
sperm. 

It is also important to keep in mind that any generalized 
condition such as a fever, viraemia, or other acute infection 
can decrease testis function and semen quality for a variable 
period of time. The effects of such insults are not noted in the 
semen immediately after the event, because spermatogenesis 
requires approximately 60 days to be completed. 


Aging 


Infertility services are increasingly being utilized due to the 
later age of first pregnancy and associated reduction in fe- 
male fertility. The considerable decline in fertility associated 
with advancing maternal age prompt the question whether 
advanced paternal age is also associated with compromised 
fertility. Changes in human reproductive behavior includ- 
ing prolonged life expectancy and improvements in assisted 
reproductive techniques have led to an increase in average 
paternal age [25]. Moreover, delayed childbearing is a com- 
mon phenomenon in industrialized countries and age-related 
changes in the male reproductive system are becoming com- 
monly recognized. Although men at any age can establish 
pregnancy in a woman, we still do not know how safe and 
wise it is to attain pregnancy through assisted reproductive 
techniques at an advanced age. Although the effect of male 
age is less prominent than of the female, this becomes espe- 


cially significant when the female partner is also of advanced 
age [26]. 

Probably, men start contributing to a decline in the cou- 
ple’s fertility in their late thirties and to a decrease in fe- 
cundity in early forties [27]. Changes in male reproductive 
and sexual physiology clearly occur with aging, but the real 
impact of these changes on male fertility is not completely 
established. Currently, there is evidence that birth defects, 
especially those arising from new autosomal mutations, in- 
crease with paternal age [28]. Also, advanced paternal age 
is associated with new mutations in paternal genome and 
increased risk of aneuploidy in the fetus. These findings sug- 
gest that genetic risks associated to increased paternal age 
should be of high interest to andrologists counseling older 
men who wish to father a child or those for whom ageing 
could be an associated cause of infertility. 

Spermatozoa are susceptible to the damage induced by 
excessive reactive oxygen species (ROS) because their cyto- 
plasm contains low concentrations of antioxidant scavenging 
enzymes [29]. It is already known that with advancing age an 
organism is under a greater oxidative stress (OS) as the result 
of impairment of the function of the mitochondrial respira- 
tory chain [30]. 

Recent data showed that seminal ROS levels are signifi- 
cantly higher in healthy fertile men older than 40 years [31]. 
Also, these high levels of ROS are significantly correlated 
with age among fertile men. As high ROS levels have been 
associated with the pathogenesis of male infertility, these 
findings suggested that delayed fatherhood may reduce the 
chances of pregnancy. 

Seminal OS causes impairment of semen quality by mul- 
tiple mechanisms including damage of sperm DNA integrity. 
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Recently, a significant age related increase of DNA frag- 
mentation has been reported [32]. The risk of miscarriage in 
couples with paternal age over 40 years may be attributed to 
the greater DNA fragmentation found in older men, possibly 
as a result of a less efficient apoptotic mechanism [26, 32]. 

There are many other factors that could be involved in 
sperm dysfunction, independent of age. These factors include 
environmental pollution, lifestyle (smoking, caffeine intake, 
or alcohol), occupational exposure to industrial agents and 
heavy metals [33]. However, the andrologists should be 
aware that our population is aging and the age of prospective 
patients has increased. Therefore, there is an increasing con- 
cern about the notion that aging may affect spermatogenesis 
and fertility potential. 


Behavior and Lifestyle 


A detailed history should include a comprehensive assess- 
ment of environmental and occupational exposures that can 
impact fertility. Unfortunately, the impacts of environmen- 
tal and occupational exposures on spermatogenesis are ex- 
tremely difficult to prove and quantify. 

Evidence indicative of harmful effects of occupational ex- 
posure on the reproductive system and related outcomes has 
gradually accumulated in recent decades, and is further com- 
pounded by persistent environmental endocrine disrupting 
chemicals [33]. Effects of chemicals on reproduction may be 
induced directly by a chemical itself on reproductive organs 
or indirectly through the influence in altering hormonal regu- 
lation, which is responsible for growth, sexual development, 
and many other essential physiological functions. A number 
of occupations are being reported to be associated with re- 
productive dysfunction in males as well as in females. 

The overall functioning of the reproductive system is con- 
trolled by the nervous system and the hormones produced by 
the endocrine glands. The reproductive neuroendocrine axis 
of males involves principally the anterior pituitary gland and 
the testes. Toxicants that damage the Leydig cells can lead to 
reduced secretion of testosterone, which in turn affects the 
Sertoli cell function and spermatogenesis. Most reproductive 
toxicants are thought to act directly on the testes. There are 
some indications that substances interacting with the pitu- 
itary secretion of gonadotropin (FSH, LH) and hypothalamic 
neuroendocrine releasing factors may also play an important 
role in sperm quality [34]. 

Various behaviors and lifestyles have been associated with 
increased ROS production. An association between cigarette 
smoking and reduced seminal quality has been identified 
[35]. Harmful substances including alkaloids, nitrosamines, 
nicotine, cotinine, and hydroxycotinine are present in ciga- 
rettes and produce free radicals [36]. In a prospective study, 
Saleh et al. compared infertile men who smoked cigarettes 
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with nonsmoker infertile men [37]. Smoking was associated 
with a significant increase (approximately 50%) in seminal 
leukocyte concentrations, a 107% ROS level increase, and a 
10 point decrease in reactive oxygen species and total anti- 
oxidant capacity (ROS-TAC score). Also, infertile men who 
smoke cigarettes present higher seminal ROS levels than in- 
fertile nonsmokers, possibly due to the significant increase 
in leukocyte concentration in their semen. An earlier study 
also reported an association between cigarette smoking in in- 
fertile men and increased leukocyte infiltration in the semen 
[38]. Significantly higher levels of DNA strand breaks have 
also been identified in men who smoke. DNA strand breaks 
may be resulting from the presence of carcinogens and mu- 
tagens in cigarette smoke [39]. 

In recent decades, evidence suggestive of the harmful ef- 
fects of occupational exposure to endocrine disruptive chem- 
icals on the reproductive system has gradually accumulated 
[34]. Environmental pollution is a major source of ROS pro- 
duction and has been implicated in the pathogenesis of poor 
sperm quality [40]. OS is hypothesized to play an important 
role in the development and progression of adverse health 
effects due to such environmental exposure [41]. 

Sperm quality can be influenced for all potential caus- 
ative factors mentioned above and another that has not re- 
ceived much attention to date. It is well known that weight 
gain in men, particularly the deposition of adipose tissue 
around the waist, can depress serum total testosterone levels 
and increase serum estradiol levels [42]. The interaction be- 
tween obesity and fertility has received increased attention 
owing to the rapid increase in the prevalence of obesity in the 
developed world [43]. Increase in mean male weight coupled 
with type 2 diabetes and metabolic syndrome could explain 
some of the observed declines of sperm quality in specific 
populations of men studied. The relationship between high 
levels of body mass index and changes in altered standard 
semen analysis parameters are already described in the lit- 
erature [44, 45]. Furthermore, more recent studies revealed 
that increased body mass index values are associated with 
decreased mitochondrial activity and progressive motility 
and increased DNA fragmentation [46]. 

Usually, behavior and lifestyle modification should be the 
first steps in reducing ROS. Unfortunately, only some data link 
changes in these exposures to decrease in OS and subsequent 
increases in human fertility. Although it is likely good medical 
practice to recommend modifications of unhealthy lifestyles 
or exposures, definitive evidence awaits additional studies. 


Immunologic Infertility 
The testis is an interesting organ in which it is an immu- 


nologically privileged site, probably owing to the blood— 
testis barrier. The tight Sertoli—cell junctions provide the 
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testis with a barrier that prevents the immune system from 
coming in contact with the post-meiotic germ cells. Autoim- 
mune infertility may be a result of certain conditions such as 
previous genital tract infection, testicular biopsy, testicular 
trauma, testicular torsion, and vasectomy [47—49]. After the 
blood-testis barrier is broken, the body is exposed to sperm 
antigens resulting in an immune response presented as an- 
tisperm antibodies (ASA). An immunologic basis for some 
cases of infertility has been identified in a significant number 
of infertile men, suggesting that ASA may have a harmful 
effect on fertilization [50, 51]. 

Immunologic infertility is characterized by the presence 
of antibodies against spermatozoa in three locations; serum, 
seminal plasma, and sperm surface. Among these, sperm 
surface antibodies are the most clinically relevant and the 
antibody classes that appear to be clinically relevant include 
immunoglobulin G (IgG) and IgA, as IgM has high molecu- 
lar weight and cannot penetrate the blood-testis barrier. The 
IgG antibody is derived from local production and from tran- 
sudation from the bloodstream, whereas IgA is thought to be 
purely locally derived. It is thought that antibodies bound 
to the sperm head might interfere with sperm—egg interac- 
tion and fertilization capacity, whereas tail bound antibodies 
may be more likely to influence sperm transport through the 
female reproductive tract [52]. 

Testing for antisperm antibodies is classically indicated 
when: (1) the semen analysis reveals aggregates of sperm; 
(2) there are isolated asthenospermia; or (3) there is a risk 
of autoimmune infertility (i.e. prior testicular trauma or 
torsion). Indications of ASA tests are listed in Table 21.2. 
Moreover, in men with unexplained infertility, it has been 
suggested that ASA should be routinely tested due to the 
high frequency of normal routine seminal parameters in men 
with elevated ASA [53]. Although, approximately 10% of 
infertile men will present with ASA as compared with 2% of 
fertile men [54], ASA formation has been reported in up to 
42% of men with unexplained infertility [55, 56]. 

Typically performed with antibody coated, polyacryl- 
amide spheres, an ASA test with at least 50% of sperm 
bound with antibodies is considered clinically significant. 
The presence of multiple ASA can lead to impaired sperm 
transport through the reproductive tract, immobilization, 
and/or agglutination of spermatozoa, which blocks sperm- 
egg interaction. They can also prevent implantation, and/or 
arrest embryo development [49, 57]. 


Table 21.2 Indications for antisperm antibody test 
Indications for antisperm antibodies test 
History of testicular torsion 
Sperm aggregates in sperm analysis 
Isolated asthenospermia 
Postcoital test with poor sperm motility or shaking motility 
All other causes excluded in men with normal sperm analysis 
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The real significance of ASA in infertile men is contro- 
versial and currently, there are no standardized treatment 
regimens [58]. Oral corticoids are commonly used to sup- 
press antibody production, but to date; no double-blind, ran- 
domized trial has confirmed their efficacy. Intracytoplasmic 
sperm injection (ICSI) is considered to be the treatment of 
choice for patients with severe sperm autoimmunity [59]. 


Low Leukocytes Levels in Semen 


The prevalence of leukocytospermia (>10° WBC/mL 
semen) among male infertility patients is approximately 
10-20% [60]. Under a wet mount microscopy, both leuko- 
cytes and immature germ cells have a similar appearance and 
are properly termed “round cells.” Although many laborato- 
ries improperly report all round cells as white blood cells, 
the clinician must make sure that the two types of cells are 
differentiated. Leukocytes are difficult to differentiate from 
immature germ cells without the use of traditional cytology 
staining and immunohisthochemical techniques [61]. The 
World Health Organization (WHO) considers leukocyto- 
spermia to be a condition in which leukocyte levels are equal 
to or exceed 1 x 10°/mL [62]. As a consequence, all semi- 
nal analysis containing leukocyte levels below this limit are 
considered “normal”. In spite of that, recent studies reported 
that leukocyte counts below 1 x 10°/mL were significantly 
correlated with the production of seminal ROS as well as de- 
creased sperm DNA integrity, despite the seminal parameters 
between the reference ranges [63—66]. All men with elevat- 
ed seminal white blood cell levels (> 1 x 10°/mL) should be 
evaluated for a genital tract infection or inflammation, and a 
semen culture should be performed. Unexpectedly, approxi- 
mately 80% of leukocytospermic samples are microbiologi- 
cally negative [60, 67]. 

The significance of white blood cells in semen is contro- 
versial. Most studies found that leukocytospermia is associ- 
ated with decreased sperm motility and fertilization capacity 
[68-72]. However, El-Demiry et al. reported no association 
between standard seminal parameters and the leukocyte con- 
centration in human semen [73]. This discrepancy may be 
due to the fact that different techniques were used to deter- 
mine the leukocyte concentration in semen. In addition, the 
studies differed in regard to the lower leukocyte concentra- 
tion responsible for sperm damage [63, 65, 74]. Infections 
located in the testis and epididymis produce ROS that are 
particularly harmful to sperm due to their lack of a pro-oxi- 
dant defense system. 

The most commonly found Gram-positive and Gram-neg- 
ative bacteria are Streptococcus fecalis and Escherichia coli, 
respectively [75]. Also, Chlamydia trachomatis and Urea- 
plasma urealyticum are often involved. Once the respon- 
sible microorganism has been identified, antibiotic therapy 
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is initiated. However, culture-negative patients should be 
treated with anti-inflammatory therapy and frequent ejacula- 
tion because empiric antibiotic therapy generally provides 
no benefit and may be harmful [76, 77]. In cases of refrac- 
tory leukocytospermia, sperm washing can be performed 
before intrauterine insemination to remove the white cells. 
Although antibacterial therapy can reduce inflammatory 
influences when administered in patients with genital tract 
infection, there are no available studies on this subject that 
show improved pregnancy rates [78]. 


Seminal Parameters Limitations 


A carefully performed semen analysis is the primary source 
of information on sperm production and reproductive tract 
patency. However, it is not a measure of fertility. An ab- 
normal semen analysis simply suggests the likelihood of 
decreased fertility and normal seminal parameters are not 
assuredness of fertility. 

Routine semen parameters such as sperm count, percent- 
age motility, and morphology have a limited value mainly 
because there is not any consistent data that could distin- 
guish between fertile and infertile samples in both in vitro 
and in vivo [79]. There are just reference values determined 
by the WHO over the last decades [62, 80, 81]. 

Approximately half of men presenting for an infertility 
evaluation will have seminal parameters between the “nor- 
mal” reference values, representing a particularly difficult 
task to assign an etiology for subfertility and reinforcing the 
inherent inability of standard seminal parameters to assess 
sperm function. 

We must keep in mind that the interpretation of the new 
reference ranges for seminal parameters proposed by the 
WHO, in 2010, requires an understanding that seminal pa- 
rameters within the 95 % reference interval do not guarantee 
fertility nor do the values outside those limits necessarily 
indicate male infertility [80]. However, as the new lower 
reference limits are even lower than the previous “reference” 
values, clinicians will more frequently face men with semen 
parameters within the “normal” reference limits. Due to these 
seminal parameters markedly lower, a higher percentage of 
men will not be even referenced for an andrologic evalua- 
tion [82]. They will be inaccurately diagnosed as potential 
unexplained male infertility and sent to an in vitro fertiliza- 
tion (IVF) clinic for treatment. This may illustrate an urgent 
need for new diagnostic tools in the evaluation of these men. 

Studies on sperm donors with known fertility status re- 
veal a significant overlap in the sperm characteristics be- 
tween fertile and subfertile men [54, 83]. The current normal 
values fail to satisfy clinical and statistical standards and 
pose the risk of misclassifying a subject’s true fertility sta- 
tus [83]. Moreover, introduction in clinical practice of new 
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values likely result in a reclassification of many infertile 
couples [82]. Specifically, those couples previously classi- 
fied as having male factor infertility with sperm parameters 
greater than the new reference limits but less than the previ- 
ous values will now be diagnosed as having unexplained or 
female factor infertility. In fact, using the WHO actual cutoff 
values most likely some patients previously categorized as 
having an abnormal semen analysis will now be considered 
“normal,” with referral for evaluation postponed or not un- 
dertaken [82, 84]. 


Postcoital Test 


To reach the site of fertilization, the spermatozoa must be 
able to successfully cross the cervix and the cervical mucus. 
The cervical mucus demonstrates cyclical changes in consis- 
tency being highly receptive around the time of ovulation. 
Increase in penetrability is often observed one day before the 
LH surge. Also, cervical mucus has been shown to protect 
the spermatozoa from the hostile environment of the vagina. 
The postcoital test (PCT) is a conventional test to evaluate 
the cervical environment as a cause of infertility. The PCT 
is the microscopic examination of the cervical mucus, per- 
formed shortly before expected ovulation and within hours 
after intercourse, to identify the presence of motile sperm 
in the mucus. So, accurate timing is crucial because it must 
be conducted when the cervical mucus is thin and clear just 
before ovulation. 

In this test, cervical mucus is examined 2-8 h after nor- 
mal intercourse. Progressively motile sperm superior than 
10-20 per HPF is classified as normal. Practical guidelines 
of the American Society of Reproductive Medicine recom- 
mend PCT in a few situations including hyperviscous semen, 
unexplained infertility, or low-volume semen with normal 
sperm count [85]. The medical history and semen analysis 
can predict the result of the PCT in approximately 50 % of the 
subfertile couples with a regular cycle, without compromis- 
ing its potential to predict pregnancy [85]. Impaired seminal 
parameters most likely will result in poor PCT. Despite that, 
couples with an abnormal PCT may benefit from intrauter- 
ine insemination which bypasses the hostile cervical factors 
[54]. There are other causes of irregular PCT including ana- 
tomic abnormalities, improperly performed intercourse, in- 
appropriate timing of the test, abnormal seminal parameters, 
and cervical or seminal mucus antisperm antibodies. Of note, 
persistently abnormal PCT in the presence of adequate semi- 
nal parameters should indicate poor cervical mucus quality. 
The finding of good quality mucus with non-motile sperma- 
tozoa demonstrating shaking motion should call attention to 
evaluate both partners for the presence of antisperm antibod- 
ies. Occasionally, antisperm antibodies in the cervical mucus 
may inhibit sperm motility in vivo and prevent fertilization. 
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This situation can be quantified with indirect antisperm an- 
tibody testing of the cervical mucus, although an in vivo 
assessment of the compatibility of sperm with the cervical 
mucus can be provided with the PCT. 

Although the PCT utility and predictive value have been 
seriously questioned, some practitioners still consider it a 
useful diagnostic test since it may help to identify ineffective 
coital technique or a cervical factor not otherwise suspected 
on the basis of history and physical examination [86, 87]. 
Also, a more recent study showed that the PCT has prognos- 
tic value but does not add substantially as a prognostic tool 
for spontaneous pregnancy [88]. 

Contemporary treatments for otherwise unexplained in- 
fertility, such as intrauterine insemination or in vitro fertiliza- 
tion, successfully reverse any unrecognized cervical factors. 
Currently, PCT is not recommended routinely, especially for 
men who have abnormal semen analyses. In addition, the test 
may be reserved for patients in whom results will influence 
treatment strategy. 


Sperm Penetration Assay and Sperm Zona 
Binding Tests 


The removal of the zona pellucida from hamster oocytes 
allows human spermatozoa to fuse with hamster ova. This 
procedure is termed as sperm penetration assay (SPA). The 
SPA determines the functional capacity of the spermatozoa 
necessary to fertilize an oocyte, which determines the abil- 
ity of sperm to successfully undergo capacitation, acrosome 
reaction, membrane fusion with oocytes, and chromatin 
decondensation. The zona pellucida is stripped, allowing 
cross-species fertilization. Normally, 10-30% of ova are 
penetrated [62]. 

Infertile sperm would be expected to penetrate as well 
as fertilize a lower fraction of eggs than normal sperm. The 
indications for the diagnostic SPA are limited but could be 
used to further evaluate couples with unexplained infertility 
and to help couples decide whether to undergo with intra- 
uterine insemination, when presenting good SPA result, or 
to proceed to IVF. Although SPA has low predictive power, 
but is positively correlated with spontaneous pregnancy out- 
comes [89]. The monthly fecundity rate at any time during a 
30-month interval of follow-up is twice as great for men with 
normal SPA values as for those with abnormal values [89]. 
However, this test should be reserved for patients in whom 
results may influence treatment strategy. Many versions of 
the SPA have been used clinically, and the value of the test 
results depends, in part, on the experience of the laboratory 
performing the assay [90]. 

Compared with SPA, the zona binding test uses oocytes 
that failed to fertilize in IVF clinics. A meta-analysis of 
sperm function assays by Oehninger and colleagues showed 
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a high predictive power of sperm zona pellucida binding as- 
says over SPA for fertilization and IVF outcome [91]. Also, 
the findings indicated a poor clinical value of the SPA as pre- 
dictor of fertilization. On the other hand, the need for human 
oocyte supply remains an important limitation to the use of 
zona binding test in the clinical settings. 


Acrosome Reaction 


The acrosome is a membrane-bound organelle that covers 
the anterior two thirds of the sperm head. After capacitation, 
the sperm fuses with the ovum plasma membrane and releas- 
es acrosomal enzymes that will allow sperm penetration and 
fertilization. Acrosome reaction is an essential precondition 
for successful fertilization. Although transmission electron 
microscopy is the procedure of choice to detect acrosome re- 
action defects is a labor-intensive and also an expensive test. 

The acrosome reaction test may be recommended in cases 
of profound abnormalities of head morphology or in the set- 
ting of unexplained fertility in patients with poor IVF cycles 
results [92]. Samples presenting normal seminal parameters 
demonstrate spontaneous acrosome reaction rates of less 
than 5% and induced acrosome reaction rates of 15-40%. 
On the other hand, infertile populations have shown high 
spontaneous rates of acrosome-reacted sperm and low rates 
of induced-acrosome reactions. Despite of that, acrosome re- 
action testing is not widely practiced in laboratories and only 
remains a research interest. 


Oxidative Stress 


Free radicals are a group of highly reactive chemical mol- 
ecules that have one or more unpaired electrons and can 
oxidatively modify biomolecules that they encounter. This 
causes them to react almost instantly with any substance in 
their vicinity [93]. Generally, free radicals attack the near- 
est stable molecule, “stealing” its electron, beginning a chain 
reaction. Once the process is started, it can cascade and ulti- 
mately lead to the disrupting of living cells. 

Human semen consists of different types of cells such 
as mature and immature spermatozoa, round cells from dif- 
ferent stages of the spermatogenic process, leukocytes, and 
epithelial cells. Of these, leukocytes (neutrophils and macro- 
phages) and immature spermatozoa are the two main sources 
of ROS [94, 95]. Leukocytes can be activated by infection 
and/or inflammation, in which situation they are capable of 
producing 100 times superior amounts of ROS than inacti- 
vated leukocytes [74]. 

Spermatozoa produce small amounts of ROS that are es- 
sential to many of the physiological processes such as capac- 
itation, hyperactivation, and sperm—oocyte fusion [29, 96]. 


21 Evaluation of Men with Unexplained Infertility 


In the context of human reproduction, an equilibrium usually 
exists between ROS production and antioxidant scavenging 
activities in the male reproductive system. Minimal amounts 
of ROS remain in the system since they are needed for the 
regulation of normal sperm functions such as sperm capaci- 
tation, the acrosome reaction, and sperm—oocyte fusion [97]. 

In most cases, free radical-induced damage can be re- 
paired. Unfortunately, spermatozoa are unable to repair the 
damage induced by ROS because they lack the cytoplasmic 
enzyme systems required to accomplish this [98, 99]. The 
pathological levels of ROS detected in the semen of infer- 
tile men are more likely caused by increased ROS produc- 
tion than by the reduced antioxidant capacity of the seminal 
plasma [29]. 

The production of excessive amounts of ROS in semen 
can overwhelm the antioxidant defense mechanisms of sper- 
matozoa and seminal plasma causing oxidative stress. OS is 
a common condition caused by biological systems in aero- 
bic conditions that results in an extreme generation of ROS, 
which damages cells, tissues, and organs [100, 101]. Numer- 
ous assays for ROS measurement have been introduced in 
the last decade [97]. The chemiluminescence method is the 
most commonly used technique for measuring ROS pro- 
duced by spermatozoa [102]. This assay quantifies both in- 
tracellular and extracellular ROS. Depending on the probe 
used, this method can differentiate between the production 
of superoxide and hydrogen peroxide by spermatozoa. 

Measurement of ROS is a helpful tool in the initial evalu- 
ation and follow-up of infertile male patients because high 
levels of OS seem to be strongly correlated with reduced fer- 
tility [103]. Recent studies have reported high levels of ROS 
in the semen in up to 40% of infertile men [104]. In addition, 
elevated ROS levels can be found in up to 11% of infertile 
patients with normal semen parameters [105]. 

High levels of ROS are negatively correlated with sperm 
concentration and sperm motility [106]. Additionally, Aitken 
et al. reported that men with elevated ROS levels in semen 
have a sevenfold reduction in conception rates when com- 
pared with men having low ROS [107]. Table 21.3 summa- 
rizes the data of ROS action in sperm. 

Although, seminal parameters still constitutes the ini- 
tial evaluation of male fertility in an infertile couple, basic 
semen analysis does not satisfactorily reflect all the param- 
eters of semen quality and function that are mandatory for 


Table 21.3 Summary of evidence of ROS effect in sperm 


Effect Reference 
Reduce sperm motility [108] 
Increase DNA fragmentation [63] 
Increase DNA fragmentation and apoptosis [109] 


Reduce sperm quality [110] 
[111] 


[112] 


DNA damage and abnormal morphology 
DNA fragmentation and reduces sperm concentration 


229 


an optimum fertility evaluation even more in cases of un- 
explained male infertility [113]. Men classified as having 
unexplained infertility usually present with higher seminal 
ROS levels and lower antioxidant properties than healthy 
controls [101]. Also, some studies have shown that semi- 
nal parameters do not always correlate with ROS levels in 
semen [114, 115]. As reported by Aitken et al., low hydrogen 
peroxide concentrations do not influence sperm motility, but 
do suppress human sperm competence during oocyte fusion 
[116]. In specific situations, ROS levels are not high enough 
to impair standard seminal parameters but can cause defects 
in other processes that are required for fertilization, such as 
sperm-—oocyte interaction. These findings suggest a satisfac- 
tory explanation why patients with normal routine semen pa- 
rameters can experience infertility. 

Conflicting studies make it difficult to establish the clini- 
cal value of ROS measurement in medical practice. There 
is no clear evidence whether high ROS levels are a cause or 
an effect of abnormal semen parameters [117]. However, a 
more recent study reported high levels of ROS as an indepen- 
dent marker of male factor infertility, irrespective of whether 
these patients have normal or abnormal semen parameters 
[118]. These findings suggest that ROS measurement should 
be used as a diagnostic tool in infertile men especially in 
cases of unexplained infertility. 

Presently there is no consensus regarding the inclusion 
of ROS measurements in the routine evaluation of fertility 
potential in men with varicocele, and the more recent WHO 
manual still describes the measurement of ROS as a research 
procedure [80]. This may be due to a lack of standardization 
of the normal values of ROS in the fertile and infertile popu- 
lations [65, 119]. Perhaps in the near future, measurement of 
seminal ROS levels could help to better evaluate men with 
no evident cause of infertility with normal semen parameters. 


Role of Sperm Chromatin Structure Damage 
in Male Infertility 


The sperm genetic material is structured in a particular man- 
ner that keeps the nuclear chromatin extremely compact as 
well as stable. Also, the regular DNA structure is capable of 
decondensation at the appropriate time transferring the pack- 
aged genetic information to the egg without defects in the 
fertilization process. The cause of DNA damage in sperm 
can be attributed to various pathological conditions includ- 
ing the presence of varicose, fever, drugs, aging, or leukocy- 
tospermia [119-124]. Environmental conditions can also be 
responsible as radiation, air pollution, smoking, pesticides, 
chemicals, heat, and ART prep protocols [39, 111, 125, 126]. 
The majority of these agents may not only disrupt hormone 
levels but also induce oxidative stress, which could damage 
sperm DNA [127]. 
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Table 21.4 Commonly used DNA damage tests 
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Test Aspect evaluated Reference 
Sperm chromatin structure assay Susceptibility of sperm DNA to denaturation [133] 
Nuclear protein composition (by protein separation) Sperm histone and protamine levels [134] 
Sperm nuclear maturity test (by nuclear staining) Chromatin compaction, protamine content [135] 
Comet assay (by single-cell gel electrophoresis) Double-stranded DNA breaks (neutral assay) [136, 137] 
TUNEL assay Double-stranded DNA breaks [138] 
DNA oxidation 8-hydroxy-2-deoxyguanosine [139] 


Excessive generation of ROS in the reproductive tract not 
only attacks the fluidity of the sperm plasma membrane, but 
also the integrity of DNA in the sperm nucleus. DNA bases 
are susceptible to oxidative damage resulting in base modi- 
fication, strand breaks, and chromatin cross-linking. DNA 
damage in the male germ line has been associated with poor 
semen quality, low fertilization rates, impaired preimplan- 
tation development and increased abortion [128, 129]. The 
causes of this DNA damage are still uncertain but the major 
candidates are OS and aberrant apoptosis. 

Fertile healthy men with normal seminal parameters al- 
most consistently have low levels of DNA breakage, where- 
as infertile men, in particular those with abnormal seminal 
parameters, have a higher fraction of sperm DNA damage 
[130]. However, infertile men even presenting normal rou- 
tine seminal parameters may have abnormal DNA integrity 
[130-132]. 

The structure of sperm chromatin can be measured by 
several techniques and the ability of these techniques to 
accurately estimate sperm DNA damage depends on many 
technical and biological aspects, see Table 21.4. On the 
other hand, to establish a threshold level between the fertile 
population and the lowest sperm DNA integrity required for 
achieving pregnancy remains extremely challenging. 

Currently, both direct (fragmentation, oxidation) and in- 
direct (sperm chromatin compaction), methods are available 
to evaluate the integrity of sperm DNA. Direct methods for 
detecting DNA breaks include the single-gel electrophoresis 
assay (“Comet assay”) and terminal deoxynucleotidyl trans- 
ferase-mediated 2'-deoxyuridine 5’-triphosphate (dUTP)- 
nick end-labelling (TUNEL) [112, 130]. Indirect methods 
for assessing DNA damage include the sperm chromatin 
structure assays (SCSA) which use chromatin and/or DNA 
intercalating dyes such as acridine orange to differentiate 
single-strand and double-stranded DNA [130, 140, 141]. 

All methods nowadays lack a threshold, except for the 
sperm chromatin structure assay, which assesses the abil- 
ity of the DNA to resist denaturation by acid or heat, using 
flow cytometry, and the damage is expressed as the DNA 
fragmentation index (DFI) [142]. In clinical applications, the 
DFI not only distinguishes fertile men from those who were 
infertile, but also identified samples that were compatible 
with in vivo and in vitro pregnancy [143]. 


Abnormally fragmented sperm DNA rarely occurs in fer- 
tile men, but can be found in 5% of infertile men with nor- 
mal semen analyses and 25% of infertile men with abnormal 
semen analyses [107]. This test can detect infertility that is 
missed on a conventional semen analysis. 

The decision to incorporate a new test into clinical prac- 
tice depends on the volume and quality of currently existing 
literature. Current data on the relationship between abnormal 
DNA integrity and reproductive outcomes are limited and 
not analyzed systematically [144]. The Practice Committee 
of the American Society for Reproductive Medicine summa- 
rizes the current understanding of the impact of abnormal 
sperm DNA integrity on reproductive outcomes [132]. This 
Committee concluded that there are not enough data to make 
DNA testing routine in infertility testing and that treatments 
have yet to prove their clinical value. Prior to sperm DNA 
damage analysis is introduced routinely in clinical practice, 
studies with adequate sample size must be conducted evalu- 
ating outcomes and tests’ role in the management of male 
infertility [144]. 

Sperm chromatin structure damage tests applications to 
research can provide greater insights to infertility and an- 
drology. If tests on this become standardized, inexpensive, 
accessible, and reliable in their application, testing for DNA 
fragmentation defects can help couples decide on what fer- 
tility modality and possible lifestyle modifications they can 
employ that may increase their chances of conception. 


Genetics 


Male fertility largely depends on the quality of sperm pro- 
duction, which may be affected by genetic factors. Genetic 
alterations have a profound impact on the formation and 
function of the genitourinary system. Thus, some of these 
genetic alterations have obvious effects early in life includ- 
ing chromosomal alterations such as Kleinfelter’s syndrome 
or trisomy 21. On the other hand, some affect patients later 
in life including some of the single gene defects, such as au- 
tosomal dominant polycystic kidney disease or the androgen 
insensitivity syndrome. Some may have an isolated effect on 
fertility including a Y microdeletion. However, others may 
be multifactorial and involve an interaction between genetic 
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and environmental resulting in prostate cancer or vesicoure- 
teral reflux. 

Several reports have shown the occurrence of disomy 
for autosomes and sex chromosomes is 0.11 and 0.44% for 
normozoospermic infertile men, and the rate of diploidy is 
0.3-1 % [145, 146]. The occurrence of sex chromosomal ab- 
normalities is 15 times greater in infertile men than in the 
general population, while autosomal abnormalities occur 
with six times greater frequency [105]. Gene mutations and 
polymorphism have been also recognized in infertile men 
with normal spermiograms. The polymerase gamma (POLG) 
gene polymorphism should be considered as a possible con- 
tributing factor in patients with unexplained infertility [147]. 

The tremendous advances in the area of genetics have al- 
lowed us to understand more about the contribution that ge- 
netic alterations make to urologic diseases. As urologists, we 
are increasingly expected to be experts on the genetic basis 
of the diseases we treat and be knowledgeable about genetic 
counseling. Knowing the genetic cause is the first step in 
finding ways to cure and prevent abnormalities, especially 
during the management of infertility. 

Genetic mechanisms, especially autosomal disorders, 
may account for many cases heretofore labelled unexplained. 
Overall, approximately 30% of male infertility is currently 
unexplained and it is likely that much of this has a genetic 
basis. Ideally, cause-specific therapy of male factor infertil- 
ity would minimize the use of ART, avoiding the costs, com- 
plications, and treatment of the unaffected female partner. 

There is no doubt that ICSI overcome natural barriers re- 
sulting in transmission of possible genetic abnormalities to 
offspring. Infertility could be, in some way, a natural mecha- 
nism to block the transmission of these undesirable genetic 
traits to any offspring. Although researchers believe that 
approximately 75% or more cases of all infertility have a 
contributing genetic basis, presently our real ability to di- 
agnose these defects remains limited [148]. There is no bet- 
ter example of this phenomenon than performing ICSI as a 
treatment for azoospermic men. Before the development of 
ART, these men basically could not have reproduced by any 
means at all. 

Interest has been renewed in genetic studies to determine 
underlying causes of unexplained male infertility, but the 
overwhelming trend has been to sidestep improvements in 
diagnostic evaluation in favor of a more expensive, albeit 
efficacious option, ART [149]. 


Future of Semen Analyses 
The prevalence of male infertility and the availability of 


new highly successful therapeutic options make the testing 
of sperm functional competence mandatory. It may help in 
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diagnosing the exact condition that impairs patient’s sperm 
function. 

Advances in biomolecular techniques are transforming 
the scientific landscape of sperm cell biology. Novel tests 
are emerging from andrology research laboratories that may 
soon become clinically available. The omics revolution, as it 
is termed, refers to the study of genes (genomics), transcripts 
(transcriptomics), proteins (proteomics), and the various 
metabolites (metabolomics) [92]. With these technologies, 
inventories of lipids, proteins, metabolites, and RNA species 
may be determined. The application of omics technologies 
to spermatozoa, in concert with detailed assessments of their 
functional competence, may provide insights into the bio- 
chemical basis of defective semen quality. 

Microarray technology emerges as a promising diagnostic 
tool. Garrido et al. conducted microarray analysis of sperm 
mRNAs of men with normal semen parameters [150]. The 
authors compared infertile men versus fertile controls and 
showed a profound differential expression of hundreds of 
genes between the two study groups. Although, the authors 
presented only preliminary results, these findings could rep- 
resent a potential diagnostic tool. 

Blumer et al. also investigated DNA fragmentation in pa- 
tients with varicocele with normal seminal parameters com- 
pared with normal subjects and found a lower percentage of 
sperm with intact DNA in varicocele group [151]. OS is sus- 
pected to be involved in DNA fragmentation and probably 
due to decrease in amount of antioxidant leading to changes 
in spermatogenesis [95]. This technique may be applied in 
patients with normal sperm analysis and may help to under- 
stand subfertile man’s etiology and aid clinical decision. 

Others tests are available and might assist diagnose in pa- 
tients already extensively investigated that still were unable 
to conceive, even with IVF. Acrosomal impaired function 
may affect fertility by not allowing sperm—oolemma fusion 
leading to IVF failure [152]. It can be assessed with another 
challenge that induces the enzymatic release. Semen samples 
with 5-30 % of reacted spermatozoa have higher fertility po- 
tential and reproductive outcome [153]. 

The decision between IVF and ICSI can be facilitated 
with hemizona assays that evaluate binding between sperm 
and the oocytes. Sperm zona binding is assessed compar- 
ing with fertile sperm donors by a ratio, as described before. 
Poor zona binding have been correlated with poor fertiliza- 
tion rates using IVF and those patients should be counseled 
to ICSI [92]. 

Spermatozoa ability to undergo capacitation, acrosome 
reaction, fusion, and penetration through the oolemma is as- 
sessed by sperm penetration assay that is conducted using 
a hamster oocyte with zona pellucida removed and incu- 
bated with the patient’s spermatozoa. This test is one of the 
most sensitive measures of sperm function available [92]. It 
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is associated with good IVF outcome and the achievement 
of pregnancy by infertile males with unexplained infertility 
[107]. 

Impaired sperm function can be associated with oxida- 
tive stress created by excess reactive oxygen species and can 
be evaluated by chemiluminescent assay [119]. A signal is 
generated by stressed spermatozoa in the presence of redox- 
sensitive probes and the intensity of this signal have been 
negatively associated with sperm function reflecting the fer- 
tilizing potential of spermatozoa in vivo and in vitro [154]. 
Men with high levels of reactive oxygen species should be 
considered for antioxidant therapy to allow improvement of 
semen quality affecting pregnancy rates and IVF outcome 
[155]. 

Clearly, the future of infertile man’s evaluation is to find 
the exact cause of impaired sperm function. All new assays 
are being studied to bring new light to a problem not fully 
comprehended and also become promising evaluation tools 
in unexplained infertility management. These tests may help 
investigation but still lack of clinical significance and require 
more information to determine its potential for predicting 
fertility and defining management. 


Take Home Message 


Despite the diagnostic advances in the field of male 
infertility, many patients will still have no discernible cause 
for infertility. Better understanding of the factors that con- 
trol spermatogenesis possibly will reveal the underlying pa- 
thology of many of these disorders and will permit better 
management. 

Although it is anticipated that future developments will 
allow identification of the etiology for subfertility in these 
patients, at present they are considered unexplained disor- 
ders that defy specific treatment recommendations. In the 
absence of obvious causality, empiric medical therapy or 
ART remain the only options for these infertile patients. De- 
spite the tremendous success of ICSI, most couples would 
prefer to conceive offspring naturally. 

Normal routine seminal parameters do not guarantee fe- 
cundity. This premise is important for anyone involved in 
infertility management. At present, one of the main objec- 
tives of the male infertility research is to develop a “magic” 
diagnostic test that competently correlates with sperm fertil- 
izing capacity. Unexplained infertility may result from mul- 
tiple discrete defects in sperm generation and/or maturation 
that are still object of investigation. A better understanding 
of these defects using all available tools for evaluation of 
men presenting with an initial diagnosis of unexplained in- 
fertility will yield an appropriate triage of patients to specific 
therapeutic regimens. 
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It is crucial to point out that the targets to which male 
infertility therapy is aimed today have been lightened by the 
huge advances of ART. The modern view of male infertility 
approach gives a new meaning to the term “male infertil- 
ity therapy,” which goes away beyond the identification and 
elimination of the cause. These facts have by some means 
changed the andrologist’s therapeutic strategies, which in a 
recent past was only attempting to achieve a simple increase 
in the sperm concentration. However, we are moving for- 
ward and now our main target is to improve the “quality” of 
spermatozoa, that means, improve the real “fertility poten- 
tial.” This approach is thus especially recommended in pa- 
tients with unexplained infertility, usually undergoing ART, 
which are currently feasible with a single spermatozoa. 

It also is imperative that urologists work intimately with 
reproductive specialists, because timing and coordination of 
care may help achieve the ultimate goals in addition to the 
better management of unexplained infertility to maximize 
the conceiving potential of these patients. In an ideal world, 
cause-specific therapy of male factor infertility would de- 
crease the use of ART, avoiding the costs, risks, complica- 
tions, and treatment of the unaffected female partner. 
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N. M. van den Boogaard, Fulco van der Veen and Ben Willem Mol 


Infertility is defined as a failure to conceive after at least 1 
year of regular unprotected intercourse [1]. It affects approx- 
imately 10% of couples in their reproductive lives [2, 3]. 
Unexplained infertility is defined as infertility without any 
demonstrable cause after the basic fertility workup, includ- 
ing assessment of ovulation, semen analysis and evaluation 
of tubal patency. The incidence of infertility is increasing in 
the developed world mainly due to postponement of mater- 
nity. After a basic fertility workup, about 25% of couples 
will be diagnosed with unexplained infertility [4, 5]. 

As in unexplained infertility, a causal explanation for the 
failure of conception is by definition lacking; natural con- 
ception should never be excluded in couples diagnosed as 
such. Consequently, expectant management (EM) may be a 
good option, especially when the prognosis for natural con- 
ception is reasonable. 


The Evidence 


A recent update of a Cochrane review on intra uterine in- 
semination (IUI) for couples with unexplained infertility was 
published in 2012 [6]. One trial was included that compared 
TUI in a natural cycle with EM and showed no evidence ofin- 
creased live births (334 women: OR 1.6, 95% CI: 0.92—2.8). 
Two trials compared EM with IUI with ovarian stimulation 
(OS) and both concluded there was no evidence of a differ- 
ence in pregnancy rate (in total 304 women: data could not 
be pooled) [6]. In the last comparison (IUI-OS versus EM) 
one large multicentre randomised controlled trial (RCT) 
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from the Netherlands was included. This RCT randomised 
253 couples with unexplained infertility and intermediate 
prognosis of natural conception between either 6 months of 
EM or immediate start with OS and IUI. Within 6 months, 
the ongoing pregnancy rate in the EM group was 27% and in 
the OS group with IUI 24% (RR 0.85 CI: 0.63—1.1) [7]. The 
couples were then treated according to the centre’s standard 
protocol, usually OS with IUI, followed by IVF. Three years 
after randomisation, the cumulative ongoing pregnancy rates 
were 72 and 73 % for EM and OS with IUI, respectively (RR 
0.99 (95% CI: 0.85-1.1). The time of ongoing pregnancy 
also did not differ between groups (log-rank test, p=0.98) 
[8]. An RCT from the UK included 334 couples with un- 
explained infertility that were randomised to EM, oral clo- 
miphene citrate or unstimulated IUI. After 6 months, a live 
birth rate of 23 % was obtained in the IUI group versus 16% 
in the EM group, which was not significantly different (OR 
1.60, 95 % CI 0.92) [9]. 

A systematic Cochrane review on in vitro fertilisation 
(IVF) for couples with unexplained infertility concluded that 
the added value of IVF in relation to EM or IUI with or with- 
out OS in couples with unexplained infertility has not been 
conclusively proven due to a paucity of data: only one trial 
with 51 women compared IVF with EM and the live birth 
rate per woman was significantly higher with IVF (45.8%) 
compared to EM (3.7%; OR 22, 95 % CI 2.5—189) [10]. 

Thus, RCTs in couples with unexplained infertility com- 
paring EM with IUI with or without OS, OS alone with timed 
intercourse (TI) or IVF so far do not provide irrefutable evi- 
dence of a beneficial effect of treatment over EM. 

High rates of natural conception have also been observed 
in several cohort studies. In one cohort study that included 
652 couples with unexplained infertility, the cumulative live 
birth rate after 36 months was 33% [11]. In another study, 
218 couples with unexplained infertility were included and 
the cumulative live birth rate within 36 months was 60% 
[12]. And in a third cohort study of 443 couples with un- 
explained infertility, EM was advised in couples with good 
prospects of natural conception. The chance of natural con- 
ception within 12 months was determined according the 
prognostic model of Hunault; and if less than 30%, couples 
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were counselled to continue to try on their own for up to 2 
years, and if still not pregnant, they would undergo up to six 
cycles of IUI with controlled ovarian stimulation (COS-IUI) 
[13]. If no pregnancy was achieved, up to three cycles of 
IVF were recommended. If the chance of natural concep- 
tion was greater than 30% and the female’s age was greater 
than 38 years, 3—6 cycles of IUI-COS cycles were offered 
before IVF was started. If female age was >38 years, IVF 
was offered directly. Patients were followed until their first 
ongoing pregnancy, which caused variation in the follow-up 
period per couple from 2 to 8 years. After the fertility work- 
up, 93% (408/437) couples were eligible for EM. In total, 
37% (163/437) couples started with IUI and 15% (64/437) 
couples started with IVF. Of all couples, 81.5% (356/437) 
achieved an ongoing pregnancy and 73.9 % (263/356) of the 
pregnancies were conceived naturally. IUI and IVF were 
responsible for 12.6% (45/356) and 13.5% (48/356) of all 
pregnancies, respectively. Of all the pregnancies, 98.6% 
were conceived within 3 years after first visit to the hospital. 
Predictors for overall pregnancy chance and mode of con- 
ception were duration of infertility, female age and obstetri- 
cal history [14]. 


When to Use Expectant Management 


The most difficult problem to overcome with recommending 
EM is how to identify couples that would benefit from EM 
over treatment; and how to convince the patient frustrated 
with her monthly failures of conception to continue to “do 
nothing” but keep on trying. Gynaecologists differ widely in 
estimating fertility prognoses in subfertile couples. Prognos- 
tic models may be of help here [11]. For several treatment 
policies, prognostic models have been developed. For eight 
models, the validity has been assessed in populations other 
than the one in which the model was developed (external vali- 
dation), and only three of these showed good performance. 
One model predicting the chance of natural conception has 
reached the phase of impact analysis [11, 15]. This prognos- 
tic model is based on three prognostic models: data of these 
three models [12, 16, 17] were pooled and integrated in a 
synthesis model. This synthesis model predicts the chance of 
live birth, and contains the variables: female age, duration of 
subfertility/infertility, infertility being primary or secondary, 
semen motility and referral status and is available in a version 
with and without the post-coital test (PCT) as a predictor. The 
Dutch guideline for unexplained infertility recommends the 
use of this prognostic model and EM for 6-12 months in cou- 
ples with a good prognosis (>30%) [18]. In agreement with 
this, both the European Society of Human Reproduction and 
Embryology (ESHRE) guidelines and the guidelines of the 
National Institute of Clinical Excellence (NICE) emphasize 
that couples should not be exposed to unnecessary risks or 
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ineffective treatments, and encourage that each couple should 
receive information about the estimate of their chances of 
natural conception [19, 20]. Guidelines from the Royal Col- 
lege of Obstetricians and Gynaecologists (RCOG, 1998) have 
recommended that couples should have tried EM before as- 
sisted reproductive treatment. 


Implementation of Expectant Management 


It is unclear how EM for subfertile couples with good chanc- 
es of natural conception is being implemented; but, two large 
prospective cohort studies suggest that it is not being imple- 
mented optimally [11, 21, 22]. Optimal implementation of 
EM for 6-12 months for subfertile couples with good chanc- 
es of natural conception (>30% in 12 months) can cause a 
reduction in healthcare costs without compromising on over- 
all live birth rates. Besides cost reduction, optimal imple- 
mentation of EM is likely to lead to a decrease in the number 
of multiple pregnancies. Even though multiple pregnancy 
rates per treatment cycle are decreasing, the risks are still 
substantially higher than those in natural conceptions and al- 
most all multiples occurring in natural conceptions are twins, 
not higher order multiples. Multiple pregnancies, even twins, 
are associated with a higher morbidity and mortality in both 
mothers and neonates [23]. Finally, fertility treatments carry 
a significant physical and psychological burden [24, 25] 

To improve the implementation of EM, it must be tailored 
to the individual couple (TEM) and a systematic approach is 
needed including: acquiring data of current practice; identi- 
fication of potential determinants; analysis of barriers and 
facilitators for implementation, development of an implemen- 
tation strategy and finally an evaluation of the effectiveness of 
the implementation strategy. The first steps of this systematic 
approach have been taken. A qualitative study was performed 
to identify the barriers and facilitators of EM. Subfertile pa- 
tients who were counselled to try EM and professionals within 
the field of reproductive medicine were interviewed. Among 
infertile couples, the main barriers to utilizing EM were a lack 
of confidence that it would result in natural conception, a per- 
ception that EM is a waste of time, inappropriate expectations 
prior to the first consultation, misunderstanding the reason for 
EM and overestimation of the success rates of treatment. Both 
couples and professionals saw the lack of patient informa- 
tion materials as a barrier. Among the professionals, limited 
knowledge about prognostic models leading to a decision in 
favour of EM or treatment was recognized as the main barrier. 
A main facilitator mentioned by the professionals was better 
management of patients’ expectations [26, 27]. An implemen- 
tation strategy focussing on these barriers and facilitators has 
been developed and this implementation strategy is being test- 
ed in a multicentre cluster randomised trial in the Netherlands 
(The Improvement study). 
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Conclusion 


EM in couples with unexplained infertility and good pros- 
pects of natural conception is an effective strategy. Estimat- 
ing a couples chances of natural conception can be done, 
however, convincing patients that this is the right approach 
can prove challenging. Optimal implementation of EM in 
couples with good prospects of natural conception can pre- 
vent unnecessary treatments, complications and costs. Barri- 
ers that patients and health care professionals have identified 
leading to limited implementation of this strategy are being 
addressed and studied in a multicentre cluster RCT [28]. 
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Introduction 


It is widely accepted that immunological infertility is one of 
the major causes of infertility in humans. On average, infer- 
tility occurs in one in ten couples of reproductive age and 
in about 10-20% of them, the reason for infertility is unex- 
plained. A subset of infertile patients has been found to pos- 
sess antisperm antibodies (ASA) in semen, blood, cervical 
mucus, or follicular fluid. Clinically, these patients are clas- 
sified as being immunologically infertile. Investigations on 
the potential role of ASA in infertile couples have been per- 
formed extensively during the past three decades. Until now, 
there have been no randomized double-blinded clinical trials 
to support a uniform treatment protocol of ASA-mediated 
infertility. Published literature on the treatment of infertile 
men with ASA is often contradictory. Beside the utilization 
of assisted reproductive technologies (ART), there have been 
very few meaningful advances in the treatment of immuno- 
logical infertility in the last 10 years. 

To understand the treatment strategies of immunologi- 
cal factors in male infertility, it is essential to understand the 
mechanisms of how ASA can lead to infertility. The presence 
of ASA may not effect spermatogenesis, but will limit sperm 
survival, limit sperm transport and motility and therefore the 
passage through the female reproductive tract specifically 
the cervix, inhibits sperm oocyte binding, prevent capacita- 
tion and acrosome reaction, effect embryo development and 
implantation, and might lead to spontaneous miscarriage 
[1-3]; 

ASA can be detected on spermatozoa, in seminal plasma 
and semen, and in female serum and cervical mucus. The 
clinical importance of circulating ASA is limited, but there 
is a clear association between sperm surface antibodies and 
male fertility potential. When diagnosing ASA, indirect an- 
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tibody agglutination assays are used to detect ASA in serum 
(usually immunoglobulin G (IgG)) or seminal plasma, and 
direct immunobead test, using mixed agglutination reaction 
(MAR) or immunobead tests, to detect IgG and IgA bound to 
the sperm head or tail [4]. There is no consensus on what titer 
levels are considered positive for ASA in serum. On the other 
hand, a direct test is considered weakly negative or weakly 
positive when <50% of the motile spermatozoa are carrying 
immunoglobulins. 

ASA-associated sperms have a limited ability to penetrate 
into the cervical mucus [5, 6]. Sperm coated with ASA can 
stimulate the complement cascade and cause a significant 
reduction (87—43 %) in mobility and morphology with sub- 
sequent sperm lysis in vitro [7]. Components of the comple- 
ment cascades are present in low concentration in the cervical 
mucus as well as other part of the female reproductive tract 
and are capable of inducing time-sensitive immobilization or 
lysis in up to 70% of ASA-coated sperm [8]. Therefore, min- 
imizing exposure time might be important to prevent immo- 
bilization and sperm lysis. Sperm-bound immunoglobulins 
are associated with sperm autoagglutination in 80% of the 
ejaculates and they decreased sperm penetration into cervi- 
cal mucus in 97.6 % of the cases; furthermore, the proportion 
of ASA-bound sperm correlates with sperm penetration into 
cervical mucus [9-11]. It has been suggested that the cervi- 
cal mucus aids in the selection of the most fertile sperm of an 
ejaculate by acting as an immunological filter, preventing the 
passage of sperm coated with ASA [12]. The binding of im- 
munoglobulin A (IgA) ASA that is usually directed against 
the sperm head and IgG against the sperm principal piece 
can severely impair the ability of sperm to penetrate cervical 
mucus [13, 14]. To the contrary, the binding of ASA to the 
tail did not appear to affect the ability of sperm to penetrate 
the cervical mucus [15]. Therefore, artificially bypassing the 
cervical mucus (as with artificial insemination) and prevent- 
ing the ASA from binding to the head of the sperm as in 
fertilization antigen-1 (FA-1) are important techniques to 
overcome infertility in this subgroup of patients. FA-1 is a 
sperm-specific glycoprotein found in both human and mouse 
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germ cells. Functional studies demonstrated that antibody 
against FA-1 inhibits sperm penetration of zona pellucida 
(ZP)-free hamster eggs [16]. 

The interaction between the sperm and oocyte is highly 
regulated by specific receptor—ligand binding. The binding 
of head-directed ASA to sperm reduces sperm binding to 
human ZP without affecting motility [17—19]. ASA modulate 
ZP binding, which lowers the ability of the sperm to pene- 
trate the oocyte and fuse with the oolemna. Numerous inves- 
tigators have shown that human ASA against specific-sperm 
proteins are capable of inhibiting sperm—hamster oocyte 
penetration [20-22]. In this group of patients, intracytoplas- 
mic sperm injection (ICSI) may be the best treatment option. 

Negative effects of sperm-bound ASA on embryonic de- 
velopment and implantation have also been suggested. ASA 
can significantly inhibit early embryonic cleavage, thereby 
reducing the number of high-quality embryos. Oocytes from 
women with serum ASA had a lower embryo cleavage rate 
than oocytes from women without ASA [23]. Evidence that 
ASA influence the rate of miscarriage is seen in in vitro fer- 
tilization (IVF) settings where couples with ASA + sperm 
undergoing ICSI were found to have higher rate of sponta- 
neous miscarriages compared to couples with normal sperm 
[24]. In this chapter, we will review the different treatment 
strategies for the male partners of infertile couples that are 
diagnosed with immunological infertility. 


Treatment of Immunologic Infertility 


Several strategies are used to overcome potentially deleteri- 
ous effects of ASA-mediated infertility. The basic approaches 
for the treatment of men with ASA are: minimizing exposure 
to sperm antigen, decrease ASA production by immunosup- 
pression, removal of sperm-bound ASA by a combination of 
laboratory techniques and sperm washing, and ART. Each of 
these strategies theoretically minimizes proportion of ASA- 
bound gametes, resulting in improved gamete function. 


Minimizing Exposure to Sperm Antigen 
Prevention 


In couples practicing anal intercourse, an increase in the 
prevalence of ASA has been observed but not all authors 
agree that types of sexual practices correlates with preva- 
lence of ASA in females [25]. To lower the risk of ASA for- 
mation, it is recommended that couples should try to avoid 
such exposure, but limited data exist to support such recom- 
mendations. Inflammation or infection of the genitourinary 
tract such as orchitis, prostatitis, or urethritis may lead to 
exposure of the immune system to highly antigenic sperm. 
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Prompt and successful treatment of such infections may 
theoretically decrease the period of exposure. Furthermore, 
sexually transmitted diseases are associated with the devel- 
opment of ASA formation and early antibiotic treatment can 
prevent the formation of ASA [26]. 


Condom 


Theoretically, repeated or multiple sperm exposure to the 
female reproductive tract results in ASA formation. There- 
fore, condom use would decrease sperm exposure, resulting 
in a concomitant decline in ASA production. In fact, in their 
original report, Franklin suggested that the condom therapy 
was an effective therapy for some patients. It was believed 
that if a systematic approach is used to gradually decrease 
coitus with condoms after a period of normal sexual inter- 
course it has theoretic immunologic merit in bringing about 
pregnancies [27]. However, studies that looked at couples 
with IgG and IgA ASA on the spermatozoa or in the cervical 
mucus and the use of condoms for 6 months did not yield 
any favorable results [28]. The evidence for the temporary 
use of condoms for ASA-related infertility is questionable; it 
might be that condoms might help a certain subset of couples 
with ASA as it is known from animal models and clinical 
observation that HLA composition modulates immunologi- 
cal response. 


Immunosuppressive Therapies 


Suppression of immunological response is believed to lower 
the burden of ASA in males and potentially benefit the couple. 
The method of immunosuppression that is most commonly 
used is glucocorticosteroids (GCSs) therapy. Corticosteroids 
prevent the chemotaxis of inflammatory cells, impede cyto- 
kine release, decrease antibody production, and weaken anti- 
gen—antibody association [29]. The exact mechanism of how 
GCSs help with immunological infertility is not well known 
and is believed to result in global decrease in immunological 
response during treatment. It is assumed that GCSs suppress 
ASA production and as ASA are being cleared, the levels of 
ASA decrease. The measure of effectiveness of immunosup- 
pression treatment on immunological infertility is very dif- 
ficult because the studies reported in the literature employed 
different laboratory techniques in detecting and measuring 
ASA, and lacked appropriate placebo controls. Moreover, 
multiple protocols with different dose regiments of various 
immunosuppressive drugs have been reported, which makes 
comparing the outcomes difficult (Table 23.1). 
Improvement in the pregnancy rates has been reported 
after GCSs therapy [30, 31]. Studies have reported between 
0 and 40% pregnancy rates after treatment. In a prospec- 
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Table 23.1 Summary of protocols used for immunosuppression in ASA patients 


Reference Protocol 


Shulman et al. [50] 


Male patients receive 96 mg/day methylprednisolone 


Success of pregnancy 


44% pregnancy rate in first 12 months 


from days 21 to 28 of the female menstrual cycle 


Hendry et al. [31] 


Male patients receive 40 mg/day methylprednisolone 


33 % pregnancy rate/treatment cycle 


on day | of the female menstrual cycle followed by 


5 mg/day from days 11 to 12 
De Almeida et al. [33] 
total of 13 weeks 
Haas et al. [32] 


Male patients receive 2 mg/day of dexamethasone for a 


96 mg/day methylprednisolone in three divided doses for 


Success measured by reduction of ASA titers 
(rate of reduction is between 0 and 50%) 


Decrease of sperm-associated IgG 


7 days followed by a 2-day tapering of the drug, repeated 


for three cycles 
Hendry et al. [34] 


5 mg on days 11 and 12 


tive, double-blind, placebo-controlled study of 43 men given 
three repeated monthly regiments of 96 mg methylpredniso- 
lone in three divided doses for 7 days followed by a 2-day 
tapering of the drug, corticosteroids did not have any effect 
on semen parameters, sperm-associated IgA, and plasma 
IgG ASA, or pregnancy rate. However, corticosteroids sig- 
nificantly reduced sperm-associated IgG, with no translation 
into any clinical benefit [32]. Similarly, other studies that 
looked at the effect of prednisone showed no significant ef- 
fect on fertility, serum antibody levels, semen parameters, 
and sperm characteristics, but a slight decrease in the titer 
of seminal antibodies was observed [33]. Other protocols 
showed slightly favorable outcomes. In a cohort of subfertile 
men that were enrolled in a double-blinded crossover trial 
with circulating antibodies to spermatozoa who received 
prednisolone (20 mg twice daily on days 1—10 of the female 
partner’s menstrual cycle, followed by 5 mg on days 11 and 
12) for 9 months resulted in a pregnancy rate of 31% in the 
treatment group compared with a 9% in the untreated group. 
However, there were no changes in the semen parameters 
in this cohort of patients [34]. The response to GCSs treat- 
ment is more likely in men with persistent level of ASA than 
in men with an acute autoimmunological response. Infertile 
men with ASA detectable for more than | year and treated 
with steroid responded effectively in suppressing all isotypes 
of ASA, and improved sperm motility. Further, the presence 
of high titers of isotype IgG against the tails of spermatozoa, 
and sperms with type I motility were predictors of pregnan- 
cy [35]. Comparing GCSs to other treatment modalities in a 
crossover randomized study, the effectiveness of intrauterine 
insemination (IUI) was significantly better than timed inter- 
course with cyclic low dose (20 mg) prednisolone therapy. 
The pregnancy rate before crossover for the IUI group was 
16.7 %, whereas no pregnancies occurred in the steroid-treat- 
ed group. 

The benefit of steroid treatment, if any, must be judged 
against the potential adverse effects. Steroid therapy may 
cause several side effects, such as acne, dyspepsia, skin 
rashes, fluid retention, and mood changes [36]. The potential 


Male patients receive 20 mg twice daily on days 1-10 
of the female partner’s menstrual cycle, followed by 


31% pregnancy rate in 9 months treatment 
cycle 


adverse effects and the lack of effectiveness in many cases 
have decreased the enthusiasm for steroid use. Interest in the 
use of other immunosuppressing agents such cyclosporine in 
autoimmune orchitis showed some promising results [37]. In 
men with ASA treated with cyclosporin A (5—10 mg/kg/day) 
for 6 months the serum ASA fell in 33% of the subjects on 
treatment, and sperm count and motility increased substan- 
tially in some [38]. However, this was a very small study 
with no placebo controls and conclusions cannot be drawn. 


Laboratory Techniques and Sperm Washing 


Sperm preparation, in subjects with ASA, as a preparation 
for artificial insemination, was first tried by Halim [39]. 
Since then, multiple techniques for sperm preparation and 
washing have evolved. The concept of removing ASA from 
semen or ASA bound to sperm can be classified into three 
categories: (1) preventing the binding of ASA to sperms, (2) 
removing bound ASA from sperm surface by immunobead 
exchange or by using proteases that will cleave the immuno- 
globulin, and (3) separating ASA-coated sperms from non- 
coated sperms. Even though some of these techniques are 
promising, conflicting outcomes, and the technical challeng- 
es needed to master some of these techniques have prevented 
them from wide utilization in clinical practice. 


Preventing ASA Sperm Binding 


In the effort to prevent the binding of ASA to the sperm, 
multiple techniques have been employed. In the past, it 
was thought antibodies are secreted from the prostate and 
seminal vesicle, and that ASA bind to sperm during or after 
ejaculation [40]. To stop the ASA binding to sperm, semen 
is collected into a medium containing 50% heterologous 
serum or albumin, followed by rapid dilution or washing 
to increase the proportion of antibody-free spermatozoa in 
the specimen. Studies have suggested that combining this 
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technique with IVF increased the rate of fertilization, but it 
is not clear if the success is due to the decrease in the ASA 
binding to sperm or to selecting good sperm in the washing 
process [41]. However, subsequent analysis have proven that 
rapid dilution or washing to be ineffective in collecting sperm 
that is free of bound ASA [42]. The efficacy of rapid dilution 
of semen on sperm-bound spermatozoa followed by swim up 
in HAM F-10 and 10% human serum was evaluated, and it 
was found that the diluting semen after ejaculation did not 
significantly change sperm-bound antibodies detected [43]. 
To the contrary, antibody secretion and biodistribution studies 
in the male reproductive tract using 125I-labeled anti-FA-1 
IgG in mice revealed that the antibodies are preferentially se- 
creted in epididymis and vas deferens to bind to sperm cells. 
These findings indicate that antibodies bind to sperm before 
ejaculation not after ejaculation as it was initially thought 
[44]. Hence, rapid washing and dilution of the ejaculate will 
not affect the binding of the antibodies to the sperm. 


Eliminating Bound ASA from Sperm Surface 


The use of immunobead incubation to treat ASA-positive 
sperm has been described. Assessment of sperm incubation 
with immunobeads showed that both serum and semen im- 
munoglobulin binding to sperm decrease over time. It was 
thought that sperm-covered ASA and immunobead coincu- 
bation results in a decrease in the number of sperm bound 
to ASA, improving outcome [45, 46]. The use of immu- 
nobead adsorption itself seems striking for the removal of 
ASA off the spermatozoa, but the efficacy is not completely 
clear. Studies that used lyophilized immunobead adsorption 
concluded that this technique can be applied in the selec- 
tion of antibody-free spermatozoa, and the rate of recovery 
of spermatozoa decreases as the number of antibodies bound 
to sperm increases [47]. The success of immunobead incu- 
bation in the treatment of immunologic infertility seems to 
be limited with no consistent benefits observed. According 
to the published literature, there are still plenty of questions 
that need to be addressed regarding the effect of this tech- 
nique on the sperm membrane. Despite the limitation of the 
immunobead test in treating men with ASA, the information 
provided by the test results when it is performed is a very 
important prognostic tool. The immunobead test can help to 
identify the immunoglobulin subtype and the location of the 
antibody on the sperm [48]. The test is widely available, sim- 
ple to run, and provides titers that are useful in monitoring 
patients who are being treated for ASA (i.e., corticosteroid 
treatment). 

Simple centrifugation and washing of the sperm was first 
reported by Hanson et al. [49]. It is a very simple technique 
that is utilized in sperm preparation for IUI. Fresh seminal 
fluid from men with ASA is centrifuged and suspended in 
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an albumin solution or nutrient medium before using it for 
insemination [50]. The effectiveness of sperm washing is 
dependent on the time of ejaculation to washing, limited to 
the IgG subtype, and it is less likely to yield motile sperms 
when compared to the swim-up method of preparation [51]. 
The use of centrifugation and simple wash procedure in men 
with immunological infertility has multiple drawbacks. Cell 
debris, white blood cells, bacteria, and sometime free ASA 
are part of the pellet and they are capable of causing irrevers- 
ible damage to the viable sperms [52]. One way to filter the 
sperm from other elements is to use the ability of the sperm 
to swim. Both the swim-up and swim-down methods can be 
used to separate motile sperms up or down, respectively, in 
a nutrient rich medium. The efficiency of these techniques 
depends on the quality of the original specimen, and the 
quantity of sperm and ASA. Antibodies on the sperm surface 
cause agglutinated and poorly progressive spermatozoa, and 
therefore this results in limited recovery of sperm using the 
swim-up or swim-down methods [53]. This limitation makes 
these methods of sperm preparation poor treatment options 
for patient with ASA. 

Enzymatic cleavage of immunoglobulin has also been 
proposed as a treatment option for men with ASA. IgA pro- 
teases derived from Neisseria gonorrhoeae, whose substrate 
specificity is limited to Fc region of human IgA type 1, have 
the ability to cleave IgA and reduce the total number bound 
to sperms with improvement in sperm cervical mucus pen- 
etration ability [54, 55]. However, IgA proteases are very 
specific and it is not clear how effective they are in clear- 
ing other antibody isotopes. In addition, since the site of the 
cleavage is in the Fc region, part of the immunoglobulin re- 
mains attached to the sperm. Since IgM, IgG, and IgA2 are 
not cleaved with IgA proteases, other proteases have been 
used with some success. It have been previously demonstrat- 
ed that the three enzymes, trypsin (500 U/ml), chymotrypsin 
(500 U/ml), and papain (50 U/ml), are capable of decreasing 
immunologically agglutinated spermatozoa with no detri- 
mental effect on sperm motility or vitality [56]. The efficacy 
of these enzymes and possible negative effect on sperm are 
not completely understood. Post-treatment testing showed 
some mixed results, the incubation of normal spermatozoa 
with either chymotrypsin or papain resulted in impairment of 
oocyte penetration in the zona-free hamster egg penetration 
test. The use of trypsin, while significantly improving oo- 
cyte penetration of spermatozoa had no effect on the sperm 
mucus interaction [57]. 

Magnetic isolation of antibody-coated sperm from anti- 
body-free sperm to avoid potential damage to fragile sperm 
through centrifugation has been tried. Superparamagnetic 
polymer microspheres coated with monoclonal antibod- 
ies are used to isolate antibody labeled from antibody-free 
spermatozoa (see Fig. 23.1). Using magnetic isolation, vi- 
able spermatozoa are isolated, but the motility of the isolated 
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Fig. 23.1 Magnetic separation of antibody-labeled from antibody-free 
spermatozoa, a magnet separates ASA-bound spermatozoa by attrac- 
tion of magnetic beads; only ASA-free sperm last in the supernatant 


spermatozoa deteriorated rapidly [58]. ICSI would, there- 
fore, be necessary for fertilization with the antibody-free 
sorted sample. 

The different techniques that attempted to select sperm 
with no ASA showed some success, but most of the pub- 
lished studies are small series with no randomized control 
trials [47]. Although sperm preparation techniques are capa- 
ble of separating ASA-free sperm, they still require the utili- 
zation of intrauterine IUI, or ART-like ICSI to achieve preg- 
nancy. Furthermore, the consequence of these techniques on 
sperm is not completely understood. 


Assisted Reproductive Technologies 


There is a growing body of knowledge about interrelation- 
ship between ASA and ART. Although ART may be used to 
overcome ASA-related infertility, ASA may have a detrimen- 
tal effect on ART outcome. Several studies have examined 
the use of IUI, gamete intrafallopian transfer (GIFT), IVF, 
and ICSI procedures for the treatment of immune infertility. 

The results of the technique for ASA detection must be 
taken into account with regard to the selection of the best as- 
sisted reproductive technique. If sperm was found on a post- 
coital cervical mucus test, then IUI, to bypass the mucus, 
might be a good and inexpensive option. In the patient that 
has antibodies to the head of sperm, ICSI should be consid- 
ered. Two factors need to be taken into account in presence 
of ASA when considering ART. First, ASA interfere with 
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sperm passage through the female genital tract or with egg 
fertilization. ART itself may lead to ASA production in the 
female partner after sperm introduction (i.e., IUI). When of- 
fering couples ART, it is important to be aware of the female 
ASA titers. The presence of ASA in the female partner has 
multiple implications; IUI in the presence of ASA has the 
potential to be secreted in the female genital tract and im- 
pedes the sperm progressive motility. In such circumstance, 
it is reasonable to skip artificial insemination and to proceed 
directly to IVF [59]. Oocytes from females with positive 
ASA titers should be washed very carefully from follicular 
fluid since they will also be positive for ASA. Therefore, the 
evaluation of the presence of ASA in the serum of women 
involved in IVF treatment should be performed to avoid un- 
explained failure and unnecessary treatments. 


Intrauterine Insemination 


The use of various techniques as were discussed earlier to 
obtain ASA-free sperms has been very unpromising. There- 
fore, the recovery of motile antibody-free sperm makes the 
use of IUI limited to certain subsets of patients. One of the 
causes of immune-mediated infertility is the inability of 
sperm to penetrate the cervical mucus. Therefore, the ratio- 
nale for IUI in this situation is to place the sperm beyond the 
cervix [60]. (See Fig. 23.2) There is a lack of controlled, pro- 
spective studies evaluating the outcomes in the patient with 
immune infertility being treated with IUI. When women who 
are positive for ASA in the cervical mucus are partnered with 


Fig. 23.2 IUI to bypass cervical mucus ASA 
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a male partner who is ASA negative, the pregnancy rate after 
IUI was identical to women who did not have ASA [61]. 
These findings were not consistently seen in other studies. 
Nevertheless, in the setting of controlled ovarian stimula- 
tion, IUI significantly improved pregnancy rates [62, 63]. In 
the setting of men with documented ASA, investigators have 
shown sperm washing before IUI might have little or no ef- 
fect on improving the probability of pregnancy with some 
investigators reporting a 0% success rate [64-66]. There is 
no good evidence that IUI alone or in combination with spe- 
cific-sperm preparation techniques might help ASA-positive 
infertile men. However, some studies have reported a good 
pregnancy rate after [UI in ASA-positive infertile men with 
a poor postcoital test compared to IUI in ASA-negative in- 
fertile men [67] with ASA-positive men achieving near 33 % 
pregnancy rate with IUI compared to 19% in IUI couples for 
other reasons [68]. 


In Vitro Fertilization 


IVF requires low number of sperms (100,000) to fertil- 
ize retrieved oocytes, and only enough viable sperms are 
needed as mature oocytes, making it useful to treat couples 
with male factor infertility. Studies on fertilization rates fol- 
lowing IVF have reported contradictory results in couples 
identified as having ASA. Some studies demonstrated a det- 
rimental effect of ASA on fertilization and pregnancy rates 
and others did not. However, comparing such studies is a 
challenge because of the heterogeneity in study design, ASA 
test type, and the wide range of ASA cutoff levels that are 
used (Table 23.2). Several studies have shown that IVF used 
to treat patients with suspected immunological factors have 
lower pregnancy rate than when it is used for other etiolo- 
gies, with an inverse relationship between ASA titers and 
fertilization rates [69-73]. In men with > 80 % immunoglob- 
ulin-bound sperm, the fertilization and pregnancy rate was as 
low as 27 and 0%, respectively. When < 80% was bound, the 
fertilization and pregnancy rate was 72 and 67% [74]. This 
correlation and the effect of ASA titers on fertilization were 


confirmed in other studies [75]. In contrast, there are stud- 
ies that found fertilization to be identical in ASA-positive 
and ASA-negative populations [76], and these finding were 
corroborated by a systematic review of 16 studies involv- 
ing 4209 ART treatment cycles (1508 IVF and 2701 ICSI 
cycles). The meta-analysis concluded that semen ASA status 
was not associated with pregnancy rates in IVF and ICSI, 
and the mean pregnancy rates for the IVF and ICSI groups 
were 23 and 36%, respectively. This extensive meta-analysis 
suggests that both standard insemination with IVF and ICSI 
are viable options for infertile couples with semen ASA [77]. 

The prognosis of IVF in couples with male ASA as a 
cause of infertility might dependent on the class and physi- 
cal location of the antibodies on the sperm. In a retrospective 
study that evaluated the impact of immunoglobulin isotype 
and location of binding in 48 ASA-positive couples undergo- 
ing IVF, they noted that IgA significantly reduced fertiliza- 
tion rates only when it was associated with IgM and was 
present on the sperm head. The presence of IgM either on the 
sperm head or end of the tail also adversely affected fertiliza- 
tion rates [78]. Despite the reported success of IVF in these 
populations, it is important to note that the quality of embry- 
os obtained after IVF using sperm from ASA-positive men 
is generally poorer when compared to embryos from ASA- 
negative men [24]. Unexpected fertilization failure happens 
rarely when the male has normal semen parameters. This can 
be due to an oocyte defect or a sperm defect and certainly 
ASA have been implicated in complete failure of fertilization 
despite normal semen parameters. The discussion with the 
couple undergoing treatment about this possibility should be 
part of every IVF consent consultation. 


Intracytoplasmic Sperm Injection 


IVF and ICSI have become a routine and widely acceptable 
procedure to treat infertility. In the ICSI procedure, a single 
sperm is injected into the cytoplasm of the oocyte. When 
immune infertility is not overcome by standard IVF despite 
normal fertilization rates, ICSI should also be considered 


Table 23.2 ART and pregnancy rates in men with antisperm antibodies (ASA), immunobead binding test (IBT), and mixed antiglobulin reaction 


(MAR) 

Study Total ART cycles 
Lahteenmaki [75] 156 47 
Acosta et al. [71] 67 38 
Vujisic et al. [72] 52 14 
Clarke [73] 89 38 
Nagy et al. [83] 1822 54 
Clarke et al. [80] 179 39 
Check et al. [81] 93 26 
Esteves et al. [82] 


Total cycles with ASA ART procedure 


Assay used for Percent pregnancy 


detection 
IVF IBT and MAR 24 
IVF IBT 39 
IVF IBT 29 
IVF IBT 8 
ICSI MAR 28 
ICSI IBT 13 
ICSI Not reported 42 
ICSI IBT 53 


351 49 
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[79-82]. ICSI has the potential to overcome antibody-medi- 
ated infertility that interferes with the interaction between the 
sperm and the oocyte’s ZP and oolemna. In a study looking 
at 29 infertile ASA-positive couples treated with ICSI after 
failing fertilization with IVF, the fertilization and cleavage 
rates were not significantly different between ASA-positive 
and ASA-negative groups: 79 vs. 89% [24]. A retrospec- 
tive analysis of 55 ICSI cycles for 32 different couples with 
greater than 80% of ASA-bound sperm demonstrated no dif- 
ference in pregnancy rate (30%) between the ASA-positive 
and ASA-negative groups undergoing ICSI [83]. Generally, 
there are no relationships between ASA levels and pregnancy 
rates or fertilization rate, and the use of ICSI leads to a better 
prognosis in couples where the man is ASA positive [77]. 
Despite the relatively good prognosis, care should be taken 
when counseling patients with ASA infertility since there is 
some evidence that ASA can have postfertilization effects on 
the preimplantation and developing embryo [84]. 


Antibodies to Specific Antigen 


As we discussed earlier, the interaction between the sperm 
and oocyte is highly regulated by specific receptor—ligand 
binding. Antibodies to FA-1 antigen inhibit human sperm- 
zona interaction and block human sperm capacitation and 
acrosome reaction [84]. FA-1 antigen is involved in human 
immunological infertility in both men and women. The pres- 
ence of these antibodies may interfere with fertilization in 
the IVF procedure and leads to fertilization failure. Antigen- 
specific immune absorption that is aimed at a specific anti- 
bodies, rather than all immunoglobulins, has been previously 
shown to be effective in removing and neutralizing anti- 
FA-1 antibodies in infertile men [85]. Adsorption with FA-1 
antigen helps to remove autoantibodies from the cell surface 
of sperm cells and increases the acrosome reaction rate by 
10%. If this technique is successful, then IUI of FA-1-treat- 
ed antibody-free sperm may lead to normal pregnancies and 
healthy babies, providing that this antigen treatment does not 
have a deleterious effect on implantation, embryonic, or fetal 
development [86]. 


Predicting Success 


Decision making and counseling with male infertility factor 
for IUI, IVF, or ICSI is often difficult. Semen parameters are 
poor predictors of ART outcomes. However, the challenge 
is to identify the couple who will benefit from ART and the 
couple who will not. While the routine semen analysis is 
useful in identifying subfertile men, it has poor capacity to 
predict IUI outcome in couples. Models that evaluated IUI 
outcome in couples with male subfertility found that female 


age, duration of subfertility, secondary subfertility, the pres- 
ence of anovulation and cervical hostility, cycle number and 
the absence of ovarian hyperstimulation are independent fac- 
tors in determining success [87]. Furthermore, the presence 
of ASA in male patients increased the predictive capacity of 
these independent factors [88]. As such, ASA testing may be 
a useful adjunct to proper and thorough patient counseling. 
Couples that require IVF or ICSI have excellent outcomes 
despite having ASA. Studies that examine the relationship 
between ASA and reproductive outcomes after IVF or IVF 
with ICSI found no relationship between semen parameters 
(sperm concentration, motility, and strict morphology), ASA 
levels and fertilization or clinical pregnancy rate after [VF 
and IVF/ICSI. Having the capability of predicting success of 
the different procedures can help eliminate the cost and emo- 
tional stress of the couples that are undergoing treatment. 
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Introduction 


Approximately 15% of couples of reproductive age are af- 
fected by infertility [1]. Male factor contributes up to 50% 
of these cases [2]. We preface this chapter with the statement 
that as our knowledge of genetics continues to improve at a 
rapid pace, we anticipate the role for empiric therapies for 
“unexplained infertility” to shift towards specific therapies 
for pinpointed abnormalities. Amongst men presenting with 
unexplained infertility, about 1.7% of these patients will be 
found to have an identifiable endocrine diagnosis, for which 
there are specific treatments [3]. Their management will be 
discussed elsewhere. 

Up to 25% of infertile men will have no identifiable 
cause for their abnormal semen analyses [4]. We review in 
this chapter the use of empiric medical therapy (EMT) for 
men with unexplained male infertilty and idiopathic infer- 
tility. For men with normal and near normal sperm testing, 
at most empiric therapy is indicated; we further review the 
indications and use of EMT in a variety of scenarios. 

In this review, we will discuss the potential indications 
and mechanisms of action as well as therapy choice for EMT. 
The major classes of medication are shown in Table 24.1, 
with potential sites of action reviewed in Fig. 24.1. We in- 
tentionally did not include steroid therapy for antisperm an- 
tibodies, for we believe this to be a specific etiology rather 
than an “unexplained infertilty” cause. Along the same lines, 
we did not include the use of antioxidant vitamin regimen 
because we would not consider these prescribed “‘medica- 
tions” for inclusion into our chapter. Prior to administering 
any empiric medication therapy, we recommend a detailed 
conversation with patients. There are many considerations 
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that factor into the recommendation of these agents, includ- 
ing baseline semen parameters, male physical examination, 
genetic and endocrine evaluation, female partner age, and 
female fertility issues. Many of these medications are not 
specifically approved by the Food and Drug Administration 
for male fertility, so it is incumbent upon the prescribing 
provider to thoroughly review the risks and benefits of the 
proposed therapy. 


Antiestrogens 


Selective estrogen receptor modulators are the most com- 
monly used medical therapies for unexplained infertility. 
These medications competitively bind estrogen receptors, 
especially at the level of the hypothalamus and pituitary. The 
effect is to inhibit the negative feedback of estrogen on the 
system, which leads to increased endogenous gonadotropin- 
releasing hormone secretion. This results in increases in the 
production of follicle stimulating hormone (FSH) and lutein- 
izing hormone (LH), ultimately promoting spermatogenesis. 
The most studied and prescribed medications of this type are 
clomiphene citrate and tamoxifen. 


Clomiphene Citrate 


Administration of clomiphene for idiopathic infertility varies 
in dosage, timing, and duration. Treatment doses range from 
clomiphene 25-100 mg daily or every other day. Common 
adverse effects of clomiphene therapy in men include nau- 
sea, headache, weight gain, alteration in libido, visual field 
changes, dizziness, gynecomastia, and allergic dermatitis; 
these side effects occur in less than 5% of patients and are 
usually mild [5]. Clomiphene doses in excess of 200 mg/day 
can lead to suppression of spermatogenesis [7]. Serum go- 
nadotropin and testosterone levels should be periodically 
monitored while on treatment. Additionally, a small number 
of patients may have decline in semen parameters, and as 
such, periodic semen analyses are indicated [5, 8]. 
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Table 24.1 Classes of medications used for empiric medical therapy 
Antiestrogens 

Clomiphene citrate 

Tamoxifen 

Aromatase inhibitors 

Testolactone 

Anastrazole 

Gonadotropins 

HCG 

HMG 

Recombinant human follicle stimulating hormone (FSH) 
Androgens 


One recent trial looked at a combination of clomiphene 
citrate and vitamin E in a prospective, randomized, placebo- 
controlled trial of 60 patients with idiopathic oligo-astheno- 
spermia [9]. The trial showed this combination resulted in 
a significantly higher sperm count, increasing sperm count 
from a baseline of 10.2+/—4.14—-18 million cells/ml+/— 15 
(p=0.0025). In placebo recipients, pretreatment concentra- 
tion was 11.3+/—7.13-12 million cells/ml +/— 8.6 (p>0.05). 


Fig. 24.1 Medications for 
male infertility. (Reprinted with 
permission from Cleveland 
Clinic Center for Medical Art & 
Photography © 2012. All Rights 
Reserved) 
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The progressive sperm motility also showed improvement in 
the treatment group. Additionally, the authors found a strong 
influence of this regimen on pregnancy rates, 36.7% in the 
combination versus 13.3% in the placebo group. 

A second recent randomized trial showed a statistically 
significant increase in sperm count and motility for idiopathic 
infertility patients treated with clomiphene [10]. In this study, 
the treatment group had semen counts go from 20.38 +/— 16.2 
to 42.51 +/—29.4 million/ml (p=0.01). The motility percent- 
age went from 23.78+/-17.5 to 43.38+/-20.1%, where 
p=0.01. Other placebo-controlled studies have also found 
a positive treatment effect for sperm counts and pregnancy 
rates for clomiphene [11-13]. 

However, the results from these trials are tempered with 
multiple other trials which have failed to show benefit from 
clomiphene therapy [14, 15]. A well-designed randomized 
and multicenter study by the WHO included 190 couples and 
showed no effect of clomiphene on pregnancy rates com- 
pared to placebo [16]. In a systematic meta-analysis, Co- 
chrane review included ten studies involving 738 subfertile 
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men with oligo-asthenozoospermia treated with at least 3 
months of antiestrogen treatment [17]. They reported no dif- 
ference in pregnancy rates with antiestrogen therapy. 


Tamoxifen 


Tamoxifen is known to have less estrogenic activity com- 
pared to clomiphene and has also been used as an oral agent 
to treat idiopathic male infertility. Treatment doses of tamox- 
ifen range from 10 to 30 mg daily. The most common side 
effects are subjective flushing sensation (40—80 %) and risk 
of thrombus (1%) [6]. Periodic lab analysis of liver function 
tests is recommended. 

Initial uncontrolled trials reported improved sperm counts 
in men using tamoxifen [18, 19]. Subsequent controlled tri- 
als have all failed to show benefit from tamoxifen therapy 
for idiopathic male infertility [20, 21]. A meta-analysis of 
several randomized trials of tamoxifen demonstrated no sig- 
nificant treatment effect [22]. 

Additional evidence for the utilization of antiestrogens 
includes patients who will need intracytoplasmic sperm in- 
jection (ICSI) treatment. Hussein et al. looked at nonobstruc- 
tive azoospermia patients who took antiestrogens for 3—9 
months (mean duration of treatment 5.15+/—2.38 months). 
The authors found that 64% of the patients responded to 
clomiphene and produced enough sperm in their ejaculate 
to allow for ICSI treatment, obviating the need for an ex- 
traction procedure [23]. It remains to be established which 
subpopulation of subfertile males will demonstrate the most 
benefit from these agents. Overall, antiestrogens are rela- 
tively inexpensive, well tolerated, and safe oral medications; 
however, there continues to be doubt about their efficacy and 
a lack of strong evidence to support their use. 


Aromatase Inhibitors 
Testolactone and Anastrazole 


Aromatase is an enzyme which converts testosterone to es- 
tradiol and androstenedione to estrone. The peripheral aro- 
matization of testosterone to an estrogen form has a negative 
feedback effect on gonadotropin production [24]. In 2001, 
Pavlovich et al. identified men with severe male factor in- 
fertility characterized by a decreased serum testosterone-to- 
estradiol ratio [25]. This physiology serves as the basis for 
the use of this class of agents as empiric therapy for male 
factor subfertility. Aromatase inhibitors have been used to 
treat idiopathic infertility by altering the inhibitory effects 
of estrogen; specifically, preventing the conversion of tes- 
tosterone to estrogen will limit the estrogen-based inhibitory 
effects on spermatogenesis [24]. 
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Testolactone and anastrazole are both aromatase inhibi- 
tors which have been prescribed for this purpose. Testolac- 
tone is a steroidal inhibitor, whereas anastrazole is a more 
selective nonsteroidal aromatase inhibitor. Testolactone is 
contraindicated in men with a previous history of male breast 
cancer. Anastrazole can increase the risk of developing os- 
teoporosis (11%) and joint disorders (17%) [26]. Further, 
practitioners should consider checking serum liver function 
tests when administering anastrazole as up to 10% of the 
patients may experience elevated liver enzymes. 

Raman and Schlegel evaluated the effects of testo- 
lactone and anastrozole on a heterogeneous population 
of patients with abnormal testosterone to estradiol ratios 
(T/E, ratio<10). The study included patients who were 
overweight, had Klinefelter’s syndrome, and varicoceles. 
The authors found that both medications statistically dem- 
onstrated significant improvements in hormone profiles and 
semen parameters. In men treated with testolactone, the T/E2 
ratio increased from 5.3+/—0.2 to 12.4+/-1.1 (p<0.001). 
Additionally, there were improvements in sperm concentra- 
tion, which increased from 5.5 to 11.2 million sperm per mL 
(p<0.01), and sperm motility increased from 14.7 to 21.0% 
(p<0.05). For men treated with anastrazole, the T/E2 
ratio increased from 7.2+/—0.3 to 18.1+/—1.0 (p<0.001), 
and sperm concentration increased from 5.5 to 15.6 mil- 
lion per mL (p<0.01) [27]. 

However, the Raman study was not specifically looking 
at idiopathic infertility patients, did not include a placebo 
group, and did not analyze pregnancy outcomes. Clark et al. 
performed a randomized, double blind, placebo-controlled 
trial looking at testolactone specifically in men with unex- 
plained infertility [28]. These authors found no improve- 
ments in semen parameters or pregnancy rates compared to 
men taking placebo. 


Gonadotropins 


Human Chorionic Gonadotropin (HCG), 
Human Menopausal Gonadotropin (HMG), 
and Recombinant follicle stimulating 
hormone (FSH) 


Human chorionic gonadotropin (HCG) and Human meno- 
pausal gonadotropin (HMG) have been used to treat idio- 
pathic infertility. Recombinant FSH works via its primary 
mechanism, HCG works as an LH analog, and HMG displays 
both FSH and LH activity. All of these medications must be 
injected subcutaneously. Common side effects for these medi- 
cations include pain at the injection site (6%), nausea (2-3 %), 
fatigue (2%), and gynecomastia (3%). Serious venous and ar- 
terial thromboembolic events are rare but have been reported. 
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HCG and HMG 


Multiple trials with varying methodology and populations 
have been conducted using these agents; two studies are 
noteworthy in trying to sort through this heterogeneous 
group of trials. Knuth et al. conducted the only random- 
ized controlled study. Over a 3-month block, patients were 
administered 2500 IU of HCG twice per week and 150 IU 
of HMG three times a week or placebo [29]. They found 
there was no benefit in pregnancy or sperm parameters. Ad- 
ditionally, a Cochrane database review in 2006 states that 
gonadotropins may improve pregnancy rates, but there is not 
enough definitive evidence to support their use [30]. The au- 
thors note that the number of trials and participants are too 
few to power a final conclusion. 

HMG used alone or in combination with HCG has not 
proven more effective than HCG alone [5, 31]. With a rela- 
tively high cost, need for frequent injections, and unproven 
efficacy of this treatment protocol, we do not currently rec- 
ommend this therapy as an empiric treatment. 


Recombinant FSH 


Kamischke used recombinant FSH in their randomized, dou- 
ble blind, placebo-controlled trial of men with oligozoosper- 
mia and idiopathic infertility. Patients in this trial received 
placebo or 150 IU of rFSH daily for 12 weeks. They found 
no improvement of semen parameters or pregnancy rates in 
the rFSH group [32]. However, further studies need to be 
conducted to determine if there may be a role for FSH treat- 
ment to improve sperm quality and enhance fertilization by 
assisted reproductive technologies [22]. 


Androgens 


Androgen administration is known to suppress spermato- 
genesis in the presence of an intact hypothalamic-pituitary- 
gonadal axis. Historically, the treatment of male infertility 
with androgens based upon theories of direct stimulation or 
a rebound effect has been used. However, continuous andro- 
gen administration has a contraceptive effect and diminishes 
spermatogenesis. Heller et al. in the 1950s were the first to 
describe the effect of exogenous testosterone on human testis 
[33]. After 10 weeks of androgen therapy, all patients be- 
came azoospermic. Many, but not all patients, had a return 
of their sperm counts to baseline levels within 6-18 months. 

In the only placebo-controlled study of testosterone ther- 
apy to treat idiopathic oligozoospermia, Wang et al. showed 
no semen parameter improvement and no pregnancies [11]. 
Unfortunately, there is still evidence of widespread use of 
androgens among physicians who treat male infertility issues 
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[34]. In a survey of practicing American Urological Associa- 
tion urologists, the authors found that 25 % of the respondents 
would give exogenous testosterone as an empiric treatment 
of an infertile male patient. Currently, there is no role for 
the use of testosterone in the treatment of idiopathic infertil- 
ity. The bulk of available evidence suggests that testosterone 
therapy is in fact a potent inhibitor of spermatogenesis. 


Conclusion 


Of men who present with infertility, many will have an unex- 
plained etiology. There is currently no consensus on the man- 
agement of these men. Regarding the medical managements 
of such patients, within the practitioners’ armamentarium 
exist estrogen receptor modulators, aromatase inhibitors, and 
gonadotropins. Exogenous androgens should not be used as 
an empiric treatment of the infertile patient. In this chapter, 
we have provided an overview and review of the evidence 
for and against these various treatments. The well-designed 
controlled studies remain to be performed in this area and 
will be critical to the proper selection and use of these agents 
to treat male factor infertility. 
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Clomiphene Citrate for Women 
with Unexplained Infertility 


Richard P. Dickey 


Introduction 


The rationale for using CC alone or with IUI is that it may 
increase the number of eggs ovulated and correct subclini- 
cal ovulatory dysfunction such as a “luteal phase defect” 
[1]. Clomiphene citrate (CC) alone and CC combined with 
intrauterine insemination (IUI) are cost-effective treatments 
for unexplained infertility [24]. The advantages of CC over 
gonadotropins for ovulation induction (OI) include: a low 
incidence of multiple pregnancies and ovarian hyperstimula- 
tion syndrome (OHSS), low cost, oral administration, and 
less need for cycle monitoring. Numerous reports exist of 
an improvement in pregnancy rates for women with unex- 
plained infertility treated with CC in randomized studies 
[5-8] although some studies did not find an improvement in 
pregnancy rates with CC or CC-IUI [9-11]. 

Administration of CC or IUI alone for three cycles, fol- 
lowed by CC plus IUI for three cycles, followed by low 
doses (<75 IU) of gonadotropin plus IUI for three cycles 
and finally by controlled ovarian hyperstimulation (COH) 
using higher doses of gonadotropin plus IUI was the tradi- 
tional protocol for the treatment of unexplained infertility 
[4]. During the 1980s the traditional protocol was modified 
to include in vitro fertilization (IVF) after three unsuccessful 
cycles of COH-IUI. An important reason for use of CC or 
CC-IUI before COH is that it reduces the risk of twins and 
triplets and higher order multiple pregnancies (HOMP) [12, 
13]. A recent alternative to the traditional protocol is to elim- 
inate COH-IUI and proceed directly to IVF when pregnancy 
does not occur after three cycles of CC—IUI [14]. 

This chapter will describe why CC may be effective in 
treating unexplained infertility: when IUI is necessary, when 
tamoxifen (TMX) an analog of CC might be substituted for 
CC, the prerequisites for CC use to obtain optimal results, 
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how long to use CC before progressing to COH or IVF, and 
how to minimize the risk of multiple pregnancies. 


Structure and Pharmacokinetics of Clomiphene 
and Tamoxifen (TMX) 


Effective use of CC and TMX is enhanced by knowledge of 
their chemical structure and pharmacokinetics. CC and TMX 
are triphenyl ethylene stilbene derivatives with estrogenic or 
antiestrogen properties depending on the target tissue. They 
have nearly identical chemical structures and are related to 
TACE (chlorotrianisene), a nonsteroidal synthetic selective 
estrogen receptor modulators (SERM) that was formerly used 
for the treatment of menopause. CC is an isomeric mixture 
of ~38% cis isomer (zuclomiphene) and 62% trans isomer 
(enclomiphene). Enclomiphene is a partial estrogen agonist 
with antiestrogen properties whereas zuclomiphene is mildly 
estrogenic. TMX has only the trans isomer; 30 mg of TMX 
is approximately equal to 50 mg of CC for the purpose of 
ovulation induction. Both CC and TMX are competitive an- 
tagonists at the hypothalamic and pituitary estradiol receptor 
[15]. They also exhibit antiestrogenic activity at high doses 
and weak estrogenic activity at lower doses at peripheral 
receptor sites in the endometrium and cervical glands [15]. 
The antiestrogenic activity of CC is approximately three 
times greater than TMX. 

The half life of CC in the plasma is 12 days [16]. Serum 
levels of zuclomiphene remain at least 10% of peak levels 
28 days after ingestion of a single 50 mg tablet and small 
amounts of zuclomiphene continue to be excreted for at least 
6 weeks [16]. When a single 50 mg tablet of CC is taken at 
28-day intervals, basal levels of zuclomiphene increase by 
50% per month [16]. The pharmacokinetics of TMX may 
be assumed to be similar to zuclomiphene. Because of its 
prolonged retention in the body CC may be more effective 
in inducing ovulation in the second and later cycles of treat- 
ment and in our experience, pregnancies due to CC may 
occur for up to two cycles after treatment has ended. It is also 
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possible that the antiestrogenic effect on the endometrium 
and cervical mucus may be intensified during the second and 
later cycles of treatment. 

Blockade of estradiol receptors in the hypothalamus and 
pituitary increases gonadotropin-releasing hormone (GnRH) 
pulse frequency and pituitary sensitivity to GnRH [17, 18]. 
The net effect of these actions is that serum levels of FSH 
and LH increase three to fourfold during CC administration 
and for a few days after discontinuing CC [19]. In the ovary, 
multiple follicular developments are attenuated compared to 
COH due to lower levels of endogenous FSH in the early 
follicular phase because rising levels of estradiol suppress 
GnRH during the late follicular phase, similar to the occur- 
rence in natural cycles. 


Adverse Effects 


The adverse effects of CC in addition to estrogen receptor 
blockade in endometrial and cervical tissues include hot 
flashes and scintillating scotoma. The reported increase in 
ovarian cancer after CC use was limited to women who took 
drugs for >12 cycles without becoming pregnant [20]. That 
risk should be balanced against a 2.4-fold increased risk of 
ovarian cancer in women with a history of PCOS or nul- 
liparity compared to controls [21]. The side effects of TMX 
when taken continuously for 5 years by women <50 years of 
age for the prevention of breast cancer include a small (rela- 
tive risk (RR)1.19) for endometrial cancer, an RR of 2.30 for 
deep vein thrombosis and an RR of 1.16 for pulmonary em- 
bolism [22]. There is no reason to believe that taking TMX 
for 5 days even when repeated for six cycles could result in 
an increased risk for these conditions. 


How Clomiphene May Be Effective 
in the Treatment of Unexplained Infertility 


The possibility of pregnancy and risk of multiple pregnan- 
cies are related to a woman’s age, weight, the number of fol- 
licles that are 12 mm or larger at the time of spontaneous 


Fig. 25.1 Relationship to age. a 
Pregnancy rate (horizontal bars) 
and multiple implantation rates 
(lines) per cycle. b Number of 
follicles> 12 mm (horizontal 
bars) implants per follicle (Jines) 
[24] 
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LH surge or hCG trigger and “fecundity per follicle.” Fecun- 
dity per follicle is related to estradiol production per follicle 
which is a reflection of follicle development/size reflecting 
granulosa cell quantity and possibly quality. Because CC in- 
creases the number of preovulatory follicles, it also increases 
the quantity of granulosa cells in the late proliferative phase 
and progesterone levels are subsequently increased in the 
postovulatory luteal phase. Other factors positively or nega- 
tively related to CC effectiveness are endometrial receptiv- 
ity, cervical mucus, and patient’s weight. 


Age 


The effects of age on rates of single and multiple pregnancies 
in the authors’ clinic are shown in Fig. 25.1a. For CC—IUI, 
pregnancy rates per cycle declined slowly from <28 to 41 
years of age, and then more rapidly by 50% from age 42 
to 44 [23]. Compared to CC-IUI, pregnancy rates per cycle 
were twice as high before age 32, for COH—IUI (human 
menopausal gonadotropin (hMG) IUI) and for CC + hMG 
— IUI (CC for 5 days followed by hMG for 3—4 days) but 
declined sharply thereafter and were identical to pregnancy 
rates for CC—IUI after age 37. However, these results may 
apply only to women with high antral follicle counts, e.g., 
PCOS. The incidence of multiple implantations in CC-IUI 
pregnancies was 15% before age 30 and 8-10% after age 
30. No triplet implantations occurred after age 33 in CC—-IUI 
cycles. The effectiveness of CC—IUI in unexplained infertil- 
ity up to and including age 42 is also seen in Table 25.1 [24, 
25]. Pregnancy rates per cycle through the first four cycles 
averaged 14.6% for age <35 and were still 12.1% for pa- 
tients aged 38-42 when patients with endometriosis, tubal 
adhesions and <5 million motile sperm were excluded. 


Follicle Number and Size 
The success of CC for unexplained infertility is in di- 


rect relationship to the number of preovulatory follicles 
>10-12 mm at the time of LH surge or hCG trigger [23, 
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Table 25.1 Patient factors: Mean pregnancy rate cycles 1—4 ((24] with permission from Elsevier) 


Cycles Pregnancies (%) Odds ratio (95 % CT) 
Diagnosis" 
Ovulatory dysfunction 1075 157 (14.6) 1.01 (0.86-1.44) 
Polycystic ovaries 884 118 (13.3) — 
Luteal insufficiency 191 39 (20.4) 1.67 (1.12-2.49)" 
Endometriosis 1102 89 (8.1) 0.57 (0.43-0.76)* 
Tubal factor 279 16 (5.7) 0.39 (0.27-0.59)* 
Other 354 37 (10.4) 0.76 (0.51-1.12) 
Age? 
<30 431 63 (14.6) = 
30-34 604 84 (13.9) 0.94 (0.66-1.34) 
35-37 221 26 (11.8) 0.78 (0.48-1.27) 
38—42 173 21 (12.1) 0.81 (0.48-1.37) 
>43 53 2 (3.8) 0.29 (0.07-1.23) 
Semen quality and source® 
WHO 410 53 (12.9) - 
IUI threshold 527 60 (11.4) 0.86 (0.58-1.28) 
Sub-IUI threshold 186 6 (3.2) 0.22 (0.10-0.53)* 
Donor 492 81 (16.5) 1.32 (0.91-1.93) 
Number follicles > 15 mm? 
1 377 37 (9.8) = 
2 286 41 (14.3) 1.54 (0.96-2.47) 
23 215 38 (17.7) 1.97 (1.21-3.12)™ 


è Patients’ age >43 and cycles with total initial motile sperm count <5 million or motility <30% excluded 

> Patients with endometriosis, tubal impairment, and cycles with total initial motile sperm count <5 million or motility <30% excluded 

€ Patients’ age >43, and patients with endometriosis and tubal factor excluded 

d Patients’ age >43, patients with endometriosis and tubal factor, and cycles with total initial motile sperm count <5 million or motility <30% 


excluded 


Table 25.2 Pregnancy results per cycle: clomiphene vs. HMG/FSH 


retrospective study of 1333 CC-—IUI cycles that also included 
803 COH-IUI cycles and 594 CC + hMG - IUI cycles, 
the number of follicles >12 mm and implantation rate 
per follicle >12 mm remained constant in CC-IUI cycles 
(average 2.7) from age <28 until age 41 [23]. In contrast, in 


[49] 

Clomiphene?“ HMG/FSH?-4 
Number follicles>12mm < 2.7 6.4 
Pregnancy rate 8-12% 16-24% 
Twin births 10% 20% 
Triplets or more 0.07% 4% 


* 20% if age <32 and >7 follicles > 10 mm 
> Dickey et al. 2001 
° Dickey et al. 2002 
4 Dickey et al. 2005 


24]. CC increases the number of preovulatory follicles. The 
number of preovulatory follicles >12 mm averaged 2.7 in 
CC-IUI cycles and 6.4 in COH-IUI cycles from three com- 
bined studies (Table 25.2). The average pregnancy rates per 
cycle, 10-12 % for CC—IUI and 16-24% for COH-IUI were 
proportional to the number of preovulatory follicles. The rate 
of twin pregnancy was 10% for CC-IUI and 20 % for COH- 
TUI, and triplet and higher order rates per pregnancy were 
also proportional to the number of follicles > 12 mm. 

There was no difference in implantation rates per larger 
follicle between CC—IUI and COH-IUI (Fig. 25.1b). In a 


COH-IUI cycles the number of follicles decreased from a 
mean of 7.3 before age 28 to 3.5 for ages 42—43 and was less 
than CC-IUI for women > 44 years. This study demonstrated 
that follicle number may be the most important predictor of 
outcome in age-matched patients. Those who develop two, 
four, six, or more preovulatory follicles in CC—IUI cycles 
have the same chance of becoming pregnant or having 
multiple pregnancies as patients who develop two, four, six, 
or more preovulatory follicles in COH-IUI cycles. 


Preovulatory Estradiol 


Serum estradiol levels in the late proliferative phase are 
significantly higher during CC cycles than during control 
cycles [26]. Serum estradiol levels on the day of hCG trigger 
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parallel the number of follicles >12 mm and reflect gran- 
ulosa cell quantity and possibly quality [23]. The average 
estradiol level on the day of hCG trigger was 613 pg/ml in 
524 CC-IUI cycles and 1194 pg/ml in 60 COH-IUI cycles 
performed for unexplained or male factor infertility, but the 
estradiol level per follicle >12 mm was similar, 254 pg/ml 
per follicle in patients using CC and 278 pg/ml per follicle in 
patients using gonadotropins [27]. The implantation rate per 
follicle was doubled when estradiol levels were >400 pg/ml 
compared to <200 pg/ml in both groups. 


Luteal Phase Progesterone and Estradiol 


One rationale for using CC in unexplained infertility 
and possibly an explanation of how it may work is that it 
increases mid-luteal phase progesterone levels. Several 
studies have shown that luteal phase deficiency, whether 
characterized by low peak progesterone levels, short luteal 
phase, or delayed endometrial development is corrected by 
CC [28-31]. In one randomized placebo controlled study, 
CC increased mid-luteal progesterone levels 66% (from 43 
to 71 nmol/l) and 3-month cumulative pregnancy rates 53% 
(from 14.6 to 22.3 %) [7]. The definition of normal proges- 
terone in the luteal phase is a subject of controversy since 
progesterone is secreted in a pulsatile fashion in relation to 
pituitary LH release. Wide fluctuations of serum progester- 
one levels are possible within the same patient depending 
on whether the blood is drawn during the peak or nadir of 
the pulse. Progesterone levels after hCG trigger and preg- 
nancy should be more consistent since hCG has a longer half 
life than LH. Progesterone levels in the mid-luteal phase of 
spontaneous cycles that result in term pregnancies average 
2200 ng/dL (22 pg/ml). According to this author’s experi- 
ence, progesterone levels in the mid-luteal phase, less than 
1800 ng/dL (18 pg/ml) are evidence of possible luteal insuf- 
ficiency, levels less than 1500 ng/dL (15 pg/ml) are infre- 
quently associated with ongoing pregnancy [32]. 
Progesterone levels in CC cycles that result in term 
pregnancies average 3700 ng/dL (37 pg/ml) [33, 34]. The 
increased progesterone levels in response to CC persist 
throughout the first trimester of pregnancy. During the first 
6 gestational weeks (4 weeks postovulation) serum proges- 
terone levels are 200-300 % higher in CC pregnancies than 
in natural cycle pregnancies [33]. After the sixth gestational 
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week levels decrease gradually but remain 50-70% higher 
than in natural cycle pregnancies through at least the 14th 
gestational week. 

Serum estradiol levels average 66% higher in CC than 
in natural cycle pregnancies during the first to second week 
postovulation and remain so until at least the 14th gestational 
week. The increases in estradiol and progesterone levels in 
CC pregnancies are accompanied by an average 25% in- 
crease in uterine artery (UA) blood flow volume during the 
first 8 weeks of pregnancy [33, 34]. Crown rump length dur- 
ing the first 8 weeks in IVF pregnancies that resulted in a live 
birth is positively related to UA blood flow [35]. 


Endometrium Thickness and Pattern 


Endometrial thickness and pattern on the day of the sponta- 
neous LH surge or hCG administration are associated with 
implantation success or failure [27, 36, 37]. Conception rare- 
ly occurs in CC and CC-IUI cycles when endometrial thick- 
ness is <6 mm on the day of spontaneous LH surge or hCG 
to trigger ovulation (Table 25.3 [27, 37]). Estradiol recep- 
tor content in the endometrium is 45 % lower during the late 
proliferative cycle in patients using CC compared to controls 
[26]. Endometrial glands in biopsies from patients treated 
with CC are described as narrower, less tortuous than nor- 
mal, and having a decreased gland-to-stroma ratio [37-39]. 
The effect of CC on the endometrium is paradoxical. Stud- 
ies of the effect of CC on the mid-luteal phase endometrium 
are suggestive of both an antiestrogen effect and progester- 
one deficiency. In the early proliferative phase of CC cycles, 
average endometrial thickness is decreased compared to nat- 
ural cycles whereas one day after the LH surge, endometrial 
thickness is increased compared to natural cycles [31, 40]. 
The thinner endometrium in the early and late proliferative 
phases and thicker endometrium in the luteal phase of CC 
cycles may be explained by the declining levels of CC at the 
level of the estrogen receptors in the endometrium and by the 
rising levels of estradiol displacing CC from those receptors. 
The luteal phase endometrial pattern seen on ultrasound 
(US) during CC cycles is less likely to be totally hyperechoic 
and more likely to show a center stripe (triple line pattern) 
compared to controls [26]. Conception rates in CC cycles are 
highest in patients who retained a central lumen and less than 
50% hyperechoic pattern in the mid-secretory phase which 


Table 25.3 Endometrial thickness vs. outcome in OI- IUI cycles [27, 37] 


Thickness (mm) Percent of total 


Pregnancy rate (%) Biochemical (%) 


Pregnancy outcome 


Miscarriage (%) Term (%) 


cycles (%) 
<6 9.1 0 0 0 0 
6-8 42.6 8.1 21.4 15.4 62.5 
29 47.2 14.0 0 12.2 87.8 
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Table 25.4 Effect of switching patients from clomiphene to tamoxifen 
because of thin endometrium. (Based on data from Fertility Institute of 
New Orleans, unpublished) 


Clomiphene 100 mg Tamoxifen 60 mg 


Estradiol pg/ml 1231 840 
Progesterone ng/mL 21.3 26.3 
Follicles > 18 mm 1.1 0.8 
Follicles >10 mm 3.0 1.3 
Total follicles 10.1 14.0 
Endometrium mm 7.4 9.2 
Endometrium < 8.0 mm 73% 21% 


suggests delayed transformation to a typical secretory phase 
pattern. 

In patients who were switched from CC to TMX because 
of a thin endometrium, average endometrial thickness in- 
creased by 23% despite the fact that estradiol levels were 
32% lower (Table 25.4). 


Cervical Mucus 


Sperm penetration and passage through the mucus are nec- 
essary for conception to occur with intercourse. Alterations 
of cervical mucus during CC use have been identified in up 
to 60% of cycles [41-48]. While the validity of a postcoital 
test (PCT) has been questioned, cervical factor infertility, 
diagnosed by the failure to find any motile sperm on a PCT 
performed 12-18 h after intercourse during the mid- to late 
follicular phase and repeated 1—2 days later if abnormal was 
identified as the primary cause for failure to conceive after 
three or more cycles of CC and timed intercourse in 39% of 
patients referred for COH-IUI [49]. Less than 20 direction- 
ally motile sperm is associated with moderately decreased 
possibility of pregnancy in the same cycle. Less than 5 mo- 
tile sperm or no motile sperm is associated with markedly 
decreased possibility of pregnancy in the same cycle [50]. 
In a randomized comparative study of the effect of CC and 
TMX on cervical mucus, quantity, viscosity, ferning, spin- 
nbarkeit and cellularity were all significantly decreased in 
the CC group compared to controls, while quantity, viscos- 
ity, and spinnbarkeit were significantly increased compared 
to controls in the TMX group [48]. The number of direction- 
ally motile sperm decreased from 6.7 per high-powered field 
(hpf) in the control cycle to 3.2 in the CC cycle. An increase 
from 11.0 motile sperm/HPF in the control cycle to 12.2 in 
the TMX cycle was not significant. Other studies showed no 
difference between cervical mucous alterations with either 
CC or TMX [47, 51, 52] or a decrease in mucus score for 
TMX compared to placebo [53]. 

The hostile effect of CC on cervical mucus was unrelated 
to serum estradiol levels in cycles in which 150 mg CC was 
given cycle days 3 through 7 [54]. Another study found no 
difference in unfavorable cervical mucus scores in patients 
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receiving CC doses of 50, 100, and 150—200 mg [55]. Based 
on these results, it would appear that the empirical use of 
supplemental estrogen and use of a lower dose of CC would 
have little effect on improving cervical mucus or poor sperm 
penetration. However, a dose of 25 mg CC, which would be 
approximately equal to 20 mg TMX, was not tested. 

One approach to potentially improve cervical mucus in 
the face of unsatisfactory cervical mucus identified during a 
CC cycle is to start CC earlier. In women with regular ovu- 
latory cycles, CC may be started on the third cycle day to 
obviate the antiestrogenic effects of CC which diminishes 
with each day after finishing the 5-day course of CC [16]. 
Other methods that have been evaluated in an effort to im- 
prove cervical mucus in natural as well as OI cycles are the 
use of guaifenesin and an alkaline douche [56, 57]. 

Despite some differences of opinion, the consensus 
opinion is that sperm penetration of cervical mucus is sig- 
nificantly decreased in a large enough proportion of women 
who take CC that pregnancy rates may be less than expected. 
Although the value of a PCT has been questioned to identify 
cervical mucus-sperm interaction abnormalities, it could be 
argued that one should be performed during the first cycle 
of CC. Rather than perform a PCT to determine if IUI is 
needed, some practitioners choose to perform IUI in all CC 
cycles. Whether the slight additional cost and inconvenience 
to the infertile couple of performing a PCT to determine if 
performance or referral to a more costly and inconvenient 
IUI is indicated is a decision for the physician. Some clini- 
cians reserve IUI for patients who fail to conceive after two 
or three CC cycles with timed intercourse. 


Weight 


Elevated BMI as well as ovulatory disorders in obese women 
have been implicated in infertility. Overweight women often 
need higher doses of CC to become pregnant. The dose of 
CC needed for conception was related to weight in a ret- 
rospective study in which CC was started at 50 mg for 5 
days and increased by 50 mg each cycle until a satisfac- 
tory ovarian response was evident by both a biphasic basal 
temperature and a mid-luteal progesterone >2000 ng/dL, or 
conception occurred, to a maximum dose of 250 mg a day 
[34]. CC (100 mg) was used during the cycle of conception 
in 48% of patients who weighed > 90 kg (> 198 Ib), 45% 
who weighed 75-89 kg (165-197 Ibs), 37% who weighed 
60-74 kg (132-164 Ibs), and 31% who weighed between 
45-60 kg (100-132 Ibs). Amounts of CC >100 mg were 
used during the cycle of conception in 27% of patients who 
weighed >90 kg (198 Ib), 18% who weighed 75-89 kg 
(165-197 lbs), 17% who weighed 60-74 kg (132-164 Ibs), 
and 11% who weighed 45—60 kg (100-132 Ibs). 
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Achieving Optimal Results with CC 
in Unexplained Infertility 


Failure of CC to improve pregnancy rates may be due to 
the presence of other endocrine abnormalities, fertilization 
failure due to functional sperm or oocyte abnormalities, 
tubal dysfunction or cervical mucus abnormalities or other 
unidentified factors. Failure may also be due to improper tim- 
ing of intercourse or IUI. Endocrine abnormalities that cause 
suboptimal ovulation may adversely affect mother or baby 
during pregnancy. TSH and fasting insulin and glucose in an- 
ovulatory patients and in selected ovulatory patients should 
be measured. Dehydroepiandrosterone sulfate (DHEAS), 
testosterone, and 17 OH progesterone should be measured 
for clinical evidence of excess androgen. If no or insufficient 
sperm are present in a well-timed PCT with a normal mucus 
specimen taken from within the cervical canal, IUI should be 
performed for up to three cycles. In order to achieve optimal 
results with CC and to avoid HOMP, US and hormone moni- 
toring should be performed to find the lowest ovulatory dose 
of CC and to identify patients with >3 preovulatory follicles. 


Cycle Days 3-5: Ultrasound and Hormone 
Measurement 


US should be performed before starting OI to rule out ovar- 
ian cysts and endometrial or uterine pathology and to deter- 
mine an antral follicle count. The number of antral follicles 
at the start of OI is related to the average number of preovu- 
latory follicles > 12 mm and oocytes retrieved and fertilized 
in IVF cycles; however, the number of preovulatory follicles 
developing in response to CC is often only a small fraction 
of the total depending on the dose used and sensitivity of the 
follicles [58]. 

Serum estradiol levels need to be >50 pg/ml for CC to be 
effective. This level of estradiol is ordinarily attained by the 
third cycle day in normally cycling young women but may 
not be reached until the fifth day or later in older women and 
women with polycystic ovarian syndrome (PCOS). Serum 
progesterone levels >90 ng/dL are related to continuing ac- 
tivity of the corpus luteum which may inhibit or delay folli- 
cle development. Starting CC before these levels are attained 
may result in reduced numbers or no follicles developing as 
well as endometrial alterations. Delaying the start of CC until 
early follicular hormone levels are in the desired range will 
increase the chance of successful stimulation and outcome. 


R. P. Dickey 


Preovulation (Days 10-12) Ultrasound 
and Hormone Measurement 


A US performed 5-7 days after the last CC dose will show 
the number of follicles with the potential for ovulation, how 
soon ovulation is likely to occur, and the condition of the 
endometrium. Development of a single follicle > 12 mm oc- 
curs in 21%, one or two follicles > 12 mm in 53 %, and three 
or more follicles > 12 mm in 47% of CC cycles [23]. If more 
than two follicles are >12 mm in women less than 31 years, 
there is a risk of triplet or higher order pregnancy. Lead fol- 
licles normally grow 2.0 mm/day in the late follicular phase. 
Overall, the risk of twin births with CC is 8-10 % and triplets 
0.2%. 

Estradiol levels should be =>200+50 pg/ml per follicle 
>14 mm. Lower levels suggest decreased granulosa cell 
numbers or quality. Endometrial thickness should be >8 mm 
and should have a triple line pattern. A completely hyper- 
echoic endometrial pattern and serum progesterone levels 
> 100 ng/dL indicate premature lutenization. 


Mid-luteal Phase (5-7 Days After Ovulation) 
Ultrasound and Hormone Measurement 


According to the authors’ experience, a single progesterone 
level less than 1800 ng/dL (18 pg/ml) is evidence of a pos- 
sible luteal insufficiency. Estradiol levels in the mid-luteal 
phase should be > 180 pg/ml when progesterone is 1800 ng/ 
dL or 18 pg/ml (1/10 or 10/1 ratio). Low levels of both estra- 
diol and progesterone indicate deficient granulosa cell num- 
bers or activity. If only progesterone is low and estradiol is 
= 180 pg/ml, the problem could be a hemorrhagic, otherwise 
impaired corpus luteum or the possibility that progesterone 
was measured at the nadir. In either case, progesterone sup- 
plementation in the current cycle is indicated and the dose of 
CC should be increased in 50 mg increments in subsequent 
cycles. The frequency of progesterone supplementation is 
equally important as the dose and depends on the route of 
administration: if IM daily, if vaginal twice daily, if oral 
3—4 times a day [59]. Endometrial thickness <9 mm may 
be corrected by adding supplemental estrogen in an ongoing 
cycle, and by switching to TMX or decreasing the dose of 
CC in subsequent cycles. However, a retrospective analysis 
of patients who were taking 25—250 mg CC the cycle of con- 
ception found no relationship between the dose of CC and 
thickness of the endometrial lining on the day of hCG trigger 
or spontaneous LH surge [34]. 
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Adjunctive Treatment 
Human Chorionic Gonadotropin 


Human chorionic gonadotropin (hCG) to trigger ovulation is 
rarely necessary in CC cycles but can be used to time IUI or 
intercourse (TI) for the convenience of the couple. Ovulation 
normally occurs 36—40 h after hCG injection. Use of hCG 
does not increase multiple pregnancies [60]. 


Addition of Dexamethasone 


Adding dexamethasone to CC cycles in patients with and 
without evidence of adrenal androgen excess (increased 
DHEAS concentrations) significantly improves ovulation 
and pregnancy rates compared to CC alone; however, it also 
increased multiple pregnancy rates [61]. In addition to sup- 
pressing adrenal androgen, dexamethasone may partially 
negate the antiestrogen effect of CC on the endometrium 
[62]. Dexamethasone is administered as a single 0.5 mg tab- 
let at bedtime from cycle day one until 6 days after ovulation. 
Addition of dexamethasone should be considered when the 
number of preovulatory follicles developed in response to 
CC is fewer than desired and when DHEAS levels are > 180. 


Addition of Metformin 


Metformin improves ovulation in women with insulin 
resistance and hyperandrogenism associated with PCOS re- 
sistant to CC according to a systematic review of multiple 
small prospective randomized studies [63]. However, in a 
large randomized prospective study of anovulatory infertile 
women who were not CC resistant metformin alone at a max- 
imum dose of 1000 mg per day was less effective in inducing 
ovulation (7% live births) compared to CC alone (23 % live 
births) or the combination of metformin and CC (27% live 
births) [64]. Despite conflicting results, the combination of 
metformin and CC may be tried in patients who are resistant 
to CC before switching to gonadotropins because of its low 
incidence of multiple pregnancies. 


Treatment Results 


The European Society of Human Reproduction and En- 
docrinology (ESHRE) workshop concluded that ovarian 
stimulation with CC doubled the pregnancy rate in women 
with unexplained infertility [65]. An analysis by the Prac- 
tice Committee of the American Society of Reproductive 
Medicine in 1998 of the effectiveness of different empiric 
regimens for unexplained infertility reported in 45 studies 
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found the clinical pregnancy rate per cycle to be 5.6% for 
CC alone and 8.3% for CC-IUI compared to 1.3—3.4% for 
no treatment [3]. A Cochrane systemic review in 1996 found 
that CC increases the likelihood of ovulation tenfold and 
pregnancy sixfold compared to placebo in oligo-amenorrhic 
women [66]. A meta-analysis of CC with and without IUI for 
treatment of unexplained infertility found a 2.5-fold increase 
in pregnancies for CC [8]. A later 2010 Cochrane review by 
the same authors found that CC and CC-—IUI were no more 
effective than no treatment or placebo for women with reg- 
ular ovulatory cycles [10]. A 2011 study of 580 women in 
Scotland with unexplained infertility found no advantage for 
CC alone or IUI alone compared to expectant management 
[11]. In sum these studies indicate that the efficacy of CC 
alone unexplained infertility may be limited to women with 
ovulation defects. 

A possible cause of the discrepancies between older and 
newer studies was the failure to detect ovulation defects 
when the finding was a low mid-luteal phase progesterone 
and the failure to detect defective sperm-cervical mucus pen- 
etration by not performing a PCT (Chap. 21). These two in- 
fertility factors for which CC and CC-IUI have been shown 
to be effective may together account for more than 60% of 
unexplained infertility (Chap. 21). The results of CC—IUI 
at the Fertility Institute of New Orleans arranged according 
to diagnosis, age, sperm source and quality, and number of 
preovulatory follicles are shown in Table 25.1. The average 
pregnancy rate was 9.2% per cycle through the first four 
cycles of CC—IUI and ranged from a low 3.2% per cycle 
for male factor infertility to 20.4% per cycle for patients di- 
agnosed with luteal insufficiency. [24]. The pregnancy rate 
for “Other,” mostly poor PCT averaged 10.4% through four 
cycles for patients with age <43 with normal semen analysis, 
normal cycles including progesterone levels >1800 ng/dL 
before CC, and absence of findings of endometriosis or tubal 
adhesions/obstruction. 

In oligo-ovulatory and anovulatory women with no known 
tubal disease and partners with normal semen analysis, TMX 
and CC are equally effective with respect to pregnancies per 
cycle (OR 1.06) but achieve equal effectiveness in different 
ways [67]. Mean preovulation follicle numbers per cycle are 
fewer for TMX than for CC (OR 0. 76), but pregnancies per 
cycle are greater for TMX (OR 1.16). 


Length of Treatment 


The number of cycles that CC or CC—IUI should be contin- 
ued with a good possibility of success before switching to 
COH-IUI or recommending IVF depends on the patients’ 
age, the number of preovulatory follicles and the presumptive 
diagnosis. Cumulative pregnancy rates through six cycles of 
CC-IUI at the Fertility Institute of New Orleans are shown 
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(Fig. 25.2a—d; [24]). Cumulative pregnancy rates after six 
cycles reached 65% for patients with ovulatory dysfunction 
and 38 % for “Other” (unexplained infertility the majority of 
which were related to abnormal cervical mucus); however, 
no pregnancies occurred after the fourth cycle for patients 
in the other/unexplained infertility category. In patients > 43 
years of age pregnancies did not occur after three cycles. 
Patients ages 30-42 continued to become pregnant through 
six cycles, but at a lower rate per cycle after cycle four. Pa- 
tients with persistent mono-follicular cycles did not become 
pregnant after the fourth cycle. Most patients with age <30, 
unless they had other undiscovered problems, will become 
pregnant during the first four cycles of CC or CC-IUI. 
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Fig. 25.2 Cumulative pregnancy rate: a Diagnosis: ovulatory dys- 
function = anovulatory, polycystic ovaries, or luteal insufficiency; 
endometriosis = with or without tubal involvement; tubal factor = 
unilateral tubal obstruction or tubal adhesions without endometrio- 
sis; other = cervical factor, male factor, or unexplained infertility and 
normal cycles without endometriosis or tubal factor. Patients, age >43 
and cycles with total initial motile sperm count <5 million or motility 
<30% excluded. b Age, patients with endometriosis, tubal impairment, 
and cycles with total initial motile sperm count <5 million or motility 
<30% excluded. c Cumulative pregnancy rate: sperm, WHO; initial 
sperm quality > World Health Organization (1992) criteria of 20 million 


Percent Pregnant 
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Based on results from 3381 cycles, CC and/or CC—IUI 
may be continued for a minimum of four cycles in appro- 
priate patients with some exceptions (severe sperm factor, 
age >43) before recommending COH-IUI, and may be con- 
tinued longer than four cycles if the diagnosis is ovulatory 
dysfunction. In agreement with this recommendation, the 
authors of a 2008 multicenter retrospective cohort analysis 
of 15,303 cycles of IUI, 51% of which were CC-IUI cycles, 
and a 5.6% ongoing pregnancy rate per cycle, concluded that 
there was no rationale for stopping IUI before nine cycles 
had been completed [68]. 
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concentration, 40 million total count, 50% progressive motility, 30% 
normal forms. IUI threshold; initial sperm quality less than WHO 
criteria but >5 million total motile sperm and >30% initial motility 
(the threshold for recommending IUI rather than IVF. Dickey Fertil 
Steril 1999;71:684—-9) Sub [UI—threshold; initial motile sperm count 
<5 million or motility <30%. Patients age >43, and patients with en- 
dometriosis and tubal factor excluded. d Follicle number, patients age 
>43, and patients with endometriosis and tubal factor, and cycles with 
total initial motile sperm count <5 million or motility <30% excluded 
([24]; with permission from Elsevier) 
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Avoidance of Multiple Pregnancies 


A common misconception left over from early abdominal 
US studies of spontaneous cycles in which a single domi- 
nant follicle was present is that only follicles > 18-20 mm 
containing a mature egg can result in pregnancy. In a pro- 
spective observational study of 4062 COH-IUI cycles, fol- 
licles as small as 10 mm on the day of spontaneous LH surge 
or hCG trigger contributed to triplet pregnancies [69]. It is 
necessary to count all follicles > 10 mm to assess the risk of 
triplet and higher order pregnancies (Table 25.5). Triplet and 
higher order pregnancies occurred in 15% of cycles when 
there were fewer than 3 follicles >12 mm, 45% of cycles 
with fewer than three follicles > 14 mm, 72% of cycles with 
fewer than three follicles > 16 mm, and 92% of cycles with 
fewer than three follicles > 18 mm. Development of a single 
follicle > 12 mm occurs in 21%, one or two follicles > 12 mm 
in 53%, and three or more follicles > 12 mm in 47% of CC 
cycles [23]. Failure to count follicles smaller than 16 mm is 
the principal reason why attempts to prevent all HOMP were 
made by canceling cycles [70]. 

Because of the higher risk of complications during preg- 
nancy with a twin gestation, twin pregnancies should be 
avoided if possible, especially in women at increased risk 
for preterm birth due to obesity, small stature, uterine anom- 
alies, and previous preterm birth [71]. In the USA, 11% of 
twins are born before completion of 32 weeks and 54% of 
infant deaths occur in infants born at <32 weeks of gestation 
[72, 73]. The use of CC alone and CC—IUI increases the risk 
of multiple pregnancies; primarily of twins (Table 25.2 [23, 
24, 69]). Twin births occur in 10% of CC-IUI and 20% of 
COH-IUI cycles. Triplet and higher orders births occurred 
in .07% of CC and 4% of COH-IUI cycles. However, for 
women age <31 and treated with COH-IUL triplet birth in- 
creased to 20% if they developed seven or more preovulato- 
ry follicles > 10 mm. Twin and higher order pregnancies can 
be prevented when using OI to treat unexplained infertility 
by use of CC for four or more cycles before COH and by not 
performing IUI and cautioning couples not to have sexual 
intercourse when one or more than two preovulatory follicles 
are present. COH-—IUI only doubles the average pregnancy 
rate per cycle compared to CC-—IUI but greatly increases the 


Table 25.5 Follicle size and prediction of triplet and higher order 
pregnancies ([69]; with permission from Elsevier) 

Percentage of triplet pregnancies 
<3 follicles (%) 


Follicle size (mm) >3 follicles (%) 


>10 0 100 
>12 15 85 
>14 45 55 
>16 72 18 
>18 92 8 
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risk of triplets and HOMPs. Because the difference in preg- 
nancies can be made up by two or three additional cycles of 
CC-IUI, using COH-IUI is a high price to pay in order to 
achieve pregnancy more rapidly. 


Summary 


Successful use of CC for treatment of unexplained infertility 
is a contradiction because it is only successful if the cause of 
infertility is suboptimal ovulation (insufficient preovulation 
stimulation of follicle and oocyte development) identifiable 
by low estradiol levels per follicle or inadequate endometrial 
development which can be discovered by US evaluation of 
endometrial thickness and pattern or histology, assisted by 
mid-luteal progesterone and estradiol levels. Likewise, if 
sperm count and motility are normal, IUI is only success- 
ful if motile sperm cannot pass through the cervical mucus 
which can be gleaned by a PCT. Nonetheless, ovulation 
induction with CC alone or with IUI, is an effective and rela- 
tively inexpensive first line treatment when a semen analysis 
is normal, tubal patency is confirmed, and menstrual cycles 
are regular. It can also be used before confirmation of tubal 
patency when there is no history or findings to suggest past 
sexually transmitted disease, pelvic surgery, or endometrio- 
sis. Its use should be limited to three or at most four cycles 
with some exceptions based on age and number of preovula- 
tion follicles that develop during treatment, before moving 
on to more aggressive treatment with gonadotropins. The 
American Society for Reproductive Medicine recommends 
moving rapidly to more aggressive therapy for women near- 
ing the end of their reproductive years. Pregnancy rates may 
be improved and the risk of multiple pregnancies reduced by 
US and hormone monitoring. 
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Unexplained infertility (UI) is thought to affect 10-30% 
of infertile couples [1, 2]. After failure of expectant man- 
agement, which may involve untreated observation for a 
duration of 12 months or less, proposed treatment regimens 
include ovulation induction with oral or injectable medica- 
tions with or without subsequent intrauterine insemination 
(IUI). Patients with UI are directed to in vitro fertilization 
(IVF) only after the failure of these therapies [3]. IUI is con- 
sidered the first-line approach because of its simplicity, non- 
invasiveness, and reduced cost. Although IVF is known to 
be more effective on a per cycle basis than IUI, studies have 
shown that ovulation induction with IUI yields higher cumu- 
lative pregnancy rates in patients with idiopathic infertility, 
which may be attributable to a lower drop-out rate [4]. It is 
well established that ovulation induction in conjunction with 
IUI in patients with UI significantly increases pregnancy 
rates compared with natural cycle IUI [5—8] with reported 
pregnancy rates per cycle between 8 and 22% [9-11]. 


Ovulation Induction in Unexplained Infertility 


A large proportion of unexplained infertility is thought to be 
related to alterations in ovulatory function that may not pro- 
duce detectable hormonal changes [2]. The use of exogenous 
gonadotropins to achieve controlled ovarian hyperstimula- 
tion has been widely demonstrated [3, 12, 13]. Historically, 
ovulation induction for infertility was reserved for treatment 
of anovulatory women. It was expanded to treat suspected 
luteal phase defects and unexplained infertility in the 1980s. 
The rationale for use of ovulation induction in women with 
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unexplained infertility, who by definition have regular ovu- 
latory menstrual cycles, is to augment the probability of 
pregnancy by targeting subtle defects in follicle development 
that cannot be elucidated by a standard infertility workup. 
Increasing follicle stimulating hormone (FSH) stimulation 
would promote granulosa cell development and might en- 
hance both oocyte health and the number of oocytes ovu- 
lated. Oral ovulation induction agents are typically admin- 
istered on days 3 to 7 of the menstrual cycle. When used in 
conjunction with IUI to increase the density of motile sperm 
available to these oocytes, the likelihood of pregnancy may 
be further increased. Over the years, oral medications such 
as clomiphene citrate (CC) and aromatase inhibitors (AI) or 
injectable gonadotropin treatment have been used. Compari- 
sons of the efficacy of oral agents with different types of go- 
nadotropins in IUI programs have led to conflicting results 
in the literature [14—19]. 

CC is a nonsteroidal triphenylethylene derivative with 
both estrogenic and antiestrogenic effects with well-estab- 
lished efficacy in ovulation induction. The antiestrogenic ef- 
fects of CC create the perception of an estrogen deficit at the 
level of the hypothalamus, triggering an increase in GnRH 
and gonadotropins with stimulation of follicular growth [20— 
23]. Up to 15-20% of patients with unexplained infertility 
fail to conceive after stimulation with CC [24]. This may be 
attributable to prolonged estrogen receptor depletion in the 
endometrium and the cervix, which may lead to endometrial 
thinning and poor cervical mucus in 15-50% of patients 
[24-26]. Additional potential negative effects on uterine 
blood flow [27], embryo development [28], and the coagula- 
tion system [29] have been proposed. Based on this, it has 
been argued that CC use may be associated with lower preg- 
nancy rates and increased incidence of miscarriage. How- 
ever, while some studies have suggested that fecundity may 
relate to endometrial thickness, others have failed to dem- 
onstrate any significant correlation [30, 31]. Combining CC 
with gonadotropins results in high estrogen and progesterone 
levels, which are hypothesized to neutralize the adverse ef- 
fects on estrogen responsive tissues, if they exist. However, 


273 


274 


the antiestrogenic effects of CC on the endometrium may 
counterbalance the benefit of increased endogenous FSH 
stimulation. AI, on the other hand, lead to a transient decline 
in estrogen production and do not cause estrogen receptor 
downregulation like CC. Therefore, these compounds stimu- 
late gonadotropin production and follicular growth but do 
not interfere with estrogen levels in peripheral tissues such 
as the endometrium and cervix. Based on this fundamental 
difference and the experience gained with CC, AI have been 
examined for the purpose of ovulation induction in unex- 
plained infertility [32]. 

Letrozole is a third-generation AI that was originally de- 
veloped for the treatment of breast cancer. Aromatase is a 
cytochrome P-450 hemoprotein-containing enzyme complex 
that catalyzes the conversion of androstenedione and testos- 
terone into estrogens [33, 34]. Letrozole blocks estrogen 
production by its selective, competitive, reversible inhibi- 
tion of the aromatase enzyme. These compounds have a high 
oral bioavailability and relatively long half-life of 45 h [35]. 
AI have been shown to decrease estradiol production, with 
approximately 50% diminution in the amount of estradiol 
per mature follicles in peripheral blood on the day of human 
chorionic gonadotropin (HCG) administration [22, 32, 36]. 
As the luteinizing hormone (LH) surge is induced by a late 
follicular rise in estradiol concentrations that feeds back posi- 
tively on the hypothalamic—pituitary axis [37], it is antici- 
pated that letrozole delays the rise in LH. Letrozole is thought 
to not only lower estradiol but also the follicular proteins 
that antagonize the LH surge [22]. Studies have shown that 
in spite of estradiol levels per maturing follicles being nearly 
half the level seen in other ovarian stimulation regimens, a 
spontaneous LH surge occurs in up to 50% of patients re- 
ceiving letrozole with FSH, with markedly reduced LH trig- 
gering levels of estradiol [22]. This indicates that letrozole 
may induce ovarian effects beyond merely reducing estrogen 
production; however, these effects are not well elucidated. 

A preliminary study by Mitwally and Casper [32] illus- 
trated the utility of letrozole, an AI as an ovulation induction 
agent in patients with polycystic ovarian syndrome (PCOS) 
and ovulatory infertility. Letrozole was given orally in a dose 
of 2.5 mg on days 3-7 after menses. In the PCOS group, 
ovulation was achieved in 9 of 12 cycles and pregnancy was 
achieved in three patients. A cohort study by Cortinez et al. 
[38] demonstrated the feasibility of letrozole in treating un- 
explained infertility, in that it was shown to induce moder- 
ate ovarian hyperstimulation in ovulatory infertile patients 
with estrogen levels similar to spontaneous cycles and higher 
midluteal progesterone, leading to both a normal endometrial 
histology and development of pinopodes, which are viewed 
as markers of endometrial receptivity. According to the pro- 
spective trial published in 2002, patients were randomized 
to receive either CC or letrozole and it compared the effect 
of either treatment to the outcome of the natural cycle that 
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immediately preceded either treatment cycle [39]. In both 
groups, one follicle reached maturity during the menstrual 
cycle preceding the intervention. The number of growing 
follicles was 2.2 in the CC group, which was slightly higher 
than the finding of 1.7 in the AI group, both of which were 
statistically greater than the preceding natural cycle. Like 
CC, AI increase the stimulus to recruit follicles as well as 
the ovulatory surge as evidenced by a larger number of fol- 
licles reaching maturity. This study provided the basis for the 
use of AI for inducing controlled ovarian hyperstimulation in 
women who ovulate regularly. 

Baysoy et al. [40] conducted a study in which 80 patients 
with unexplained infertility were randomized to receive le- 
trozole or human menopausal gonadotropin (HMG). Low es- 
tradiol concentrations and small numbers of mature follicles 
were obtained at the time of the LH surge in the letrozole 
group. Despite this, the pregnancy rate per cycle was high- 
est in the letrozole group, although this difference was not 
statistically significant. In addition, the financial burden was 
significantly higher in the HMG stimulation cases and no 
injections were required in the letrozole group. The findings 
of this study shed light on letrozole as a simple, convenient, 
and cost-effective treatment regimen in ovarian stimulation 
for IUI. 

When administered in the early follicular phase, AI in- 
duce a hypoestrogenic state that releases the hypothalam- 
ic-pituitary axis from estrogenic negative feedback, which 
in turn increases FSH secretion and the development of 
ovarian follicles. Peripherally, inhibition of the aromatase- 
mediated conversion of androgens into estrogens may lead 
to temporary accumulation of androgens. Androgens have 
been shown to increase follicular sensitivity to FSH through 
amplification of the FSH receptor gene expression either 
directly or through other mediators such as the insulin-like 
growth factor system [41, 42]. As such, aromatase inhibition 
and estradiol suppression may allow for ovarian stimulation 
to be achieved with lower doses of FSH, improve ovarian 
response to FSH in poor responders, terminate the positive- 
feedback loop, and improve ovarian response to stimulation. 
In addition, aromatase inhibition may result in a better im- 
plantation rate and lower estrogen concentrations compared 
to CC [43]. AI, such as letrozole and anastrozole, have been 
tested successfully as alternative ovulation-inducing agents 
with a much lower average cost per cycle than FSH [32]. 
A low-cost adjuvant may eliminate the need for costly high 
doses of gonadotropins. Healey et al. [44] retrospectively 
analyzed results in patients using letrozole and FSH versus 
FSH alone in IUI cycles. The authors concluded that the ad- 
dition of letrozole to gonadotropins decreased gonadotropin 
requirements and increased the number of preovulatory fol- 
licles, and despite thinner endometrial development, no ef- 
fect on pregnancy rate was seen. Lack of endometrial devel- 
opment may have been attributable to the daily-administered 
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dose of letrozole being twice as high as typical dose admin- 
istered in other studies. Mitwally and Casper [36] examined 
whether adding letrozole to FSH for ovarian stimulation in 
patients undergoing ovulation induction with IUI could im- 
prove outcomes in patients that had previous FSH stimulated 
cycles demonstrating a poor response. This was an observa- 
tional cohort study performed on 12 patients by using 2.5 mg 
letrozole daily and FSH ranging from 50 to 225 IU per day. 
Patients in the combined regimen group demonstrated im- 
proved ovarian response compared with FSH alone group as 
evidenced by a reduced gonadotropin dose requirement as 
well as a higher number of mature follicles. The cost benefit 
of letrozole was further proven in a study by Bedaiwy et al. 
[45] in which patients with anovulation, male factor infertil- 
ity, unexplained infertility, or endometriosis underwent IUI 
cycles with FSH with and without letrozole as an oral ad- 
junct. The FSH dose required for ovarian stimulation was 
shown to be significantly lower when letrozole was used. Al- 
though a significantly higher number of follicles greater than 
16 mm size and endometrial thickness at the day of HCG ad- 
ministration was observed in the group receiving FSH alone, 
pregnancy rate was comparable in both groups. Furthermore, 
the IUI cancellation rate, an expression of excessive or poor 
response, was significantly lower with combined FSH and 
letrozole treatment. 


Aromatase Inhibitors Versus Clomiphene 
Citrate 


CC is the standard first-line treatment for ovulation induc- 
tion for many decades. Some women (~ 15%) are resistant 
to even maximal doses (250 mg/day for 5—7 days) or dem- 
onstrate a suboptimal response to CC and require additional 
treatment using gonadotropins. There are clinical scenarios 
in which Als may demonstrate an advantage over ovulation 
induction with CC. AI may be a better choice when a limited 
number of follicles are required [46]. Due to significantly 
lower estradiol levels, letrozole may be considered for em- 
pirical ovulation induction in infertile patients with estrogen- 
dependent neoplasms. As no hypothalamic—pituitary down- 
regulation occurs during the late follicular phase, no adverse 
effects on peripheral targets such as the endometrium are ex- 
pected. Letrozole treated patients have been shown to have 
endometrial thickness with an estrogenic triple-line pattern 
[22, 32, 36, 47, 48]. Peripheral effects on the endometrium 
have traditionally been hypothesized to contribute to lower 
pregnancy rates and higher miscarriage rates in patients 
stimulated with CC [49]. Controlled ovarian hyperstimula- 
tion with AI may avoid the theorized undesirable effects of 
CC on the endometrium. Letrozole is also thought to have a 
more favorable side-effect profile compared with CC, likely 
because of the difference in pharmacodynamics between the 
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two drugs. AI have a reduced half-life (40-48 h) compared 
with clomiphene [50]. Clomiphene has been hypothesized 
to result in prolonged central estrogen receptor depletion 
because of its greater half-life, leading to supraphysiologic 
levels of estrogen without central suppression of FSH as the 
normal estrogen receptor-mediated feedback mechanisms 
are blocked. Persistent CC mediated downregulation of es- 
trogen receptors may also result in bothersome symptoms 
such as hot flushes, premenstrual symptoms, and visual 
scotomata in addition to poor cervical mucus and thin endo- 
metrium. Vasomotor symptoms are also reported in patients 
using letrozole for ovulation induction, along with other id- 
iosyncratic side effects, which may include mild headache 
or muscle and joint pain. These side effects have also been 
reported in long-term breast cancer studies of letrozole [51]. 

Mitwally and Casper [32] evaluated the efficacy of AI for 
ovulation induction in women that had previously failed CC 
treatment with unsuccessful ovulation or suboptimal endo- 
metrial thickness. This study included anovulatory women 
with PCOS and ovulatory women with other causes of infer- 
tility including male factor, endometriosis, or unexplained 
infertility. A higher proportion of PCOS patients (75%) 
were ovulatory with letrozole in comparison to their previ- 
ous cycle with CC (44%). The mean number of mature fol- 
licles in letrozole and CC-stimulated cycles was similar in 
the ovulatory infertility patients. Pregnancy rates were 25 
and 10% in patients with PCOS and ovulatory infertility, 
respectively. The mean endometrial thickness at the time of 
HCG administration was significantly higher in both patient 
groups compared with their previous CC-stimulated cycle. 
Although limited by a small sample size and selection bias 
in the patients who failed CC treatment were used as their 
own controls, the findings suggested that letrozole may be 
beneficial in patients with failed CC cycles and who dem- 
onstrate a thin endometrium with CC use. The endometrium 
sparing effect of letrozole was also demonstrated in a trial 
by Bayar et al. [30] in which 46 patients with unexplained 
infertility, early stage endometriosis and borderline male fac- 
tor infertility were randomized to receive letrozole or CC for 
ovulation induction. The letrozole group was seen to have a 
significantly lower median estradiol level on the day of HCG 
administration. The rates of ovulation and median endome- 
trial thickness were comparable in both groups. However, in 
six of the CC cycles the endometrium was found to be less 
than 5 mm, in contrast to patients undergoing letrozole stim- 
ulation who all demonstrated endometrial thickness greater 
than 5 mm. 

Despite a number of studies that suggest letrozole has a 
positive influence on ovarian response and the endometrium, 
there are many conflicting reports in the literature showing 
no evidence ofa beneficial effect of letrozole in ovarian stim- 
ulation cycles. In a pilot study, Fatemi et al. [43] compared 
the efficacy of 100 mg of CC versus 2.5 mg of letrozole daily 
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in patients undergoing IUI and demonstrated lower estradiol 
concentration and follicle count in the AI group. Badawy 
et al. [52] conducted a randomized controlled trial in which 
412 infertile women with unexplained infertility, undergoing 
IUI, were randomized to pretreatment with 100 mg of CC 
daily or 5 mg of letrozole daily for 5 days starting on day 3 
of menses. Both groups had similar endometrial thickness 
before treatment and at the time of HCG administration, but 
differed in that serum estradiol and progesterone concentra- 
tions were statistically significantly higher in the CC group. 
The total number of follicles during stimulation was also 
significantly greater in the CC group. There was no statisti- 
cally significant difference in pregnancy rates between both 
groups. Of note, there were two twin pregnancies achieved in 
the CC group. No higher order pregnancies or cases of ovar- 
ian hyperstimulation syndrome occurred in either group. The 
results of this study provided evidence that the antiestrogenic 
effects of CC did not adversely affect outcomes in the ma- 
jority of treated women. The findings failed to demonstrate 
superiority of either letrozole or CC for inducing ovulation 
and achieving pregnancy in women with unexplained infer- 
tility. Furthermore, the rate of pregnancy loss after ovarian 
stimulation, with either AI or CC was not higher than after 
spontaneous pregnancy. Similarly, a randomized trial by Al- 
Fozan et al. [53] comparing 7.5 mg of letrozole with 100 mg 
of CC per day demonstrated similar ovarian response, endo- 
metrial thickness, and pregnancy rates after IUI. However, 
the patients treated with letrozole were seen to have a lower 
miscarriage that was not statistically significant. 

Recent meta-analyses reviewed six randomized controlled 
studies comparing ovulation induction with letrozole versus 
CC in patients with PCOS [54, 55]. The reviews concluded 
that the pregnancy and live birth rates were comparable in 
both treatment groups. Of note, letrozole use was associated 
with significantly fewer mature follicles and significantly 
lower estrogen concentrations per cycle [54]. The multiple 
pregnancy rates were not significantly different between 
letrozole and CC treated subjects. The majority of studies 
was limited by small sample sizes, with the exception of the 
study by Badawy et al. [52] which included more than 50% 
of the study subjects analyzed in the meta-analysis, therefore 
having a large, disproportionate impact on all of the analyzed 
outcomes. 


Aromatase Inhibitors and Clomiphene 
as Adjuncts to Gonadotropins 


When gonadotropins are used alone for ovarian hyperstimu- 
lation the cost of treatment, incidence of multiple pregnan- 
cies, and probability of significant ovarian hyperstimulation 
syndrome are increased [16-18]. As such, combining oral 
ovulation induction agents with gonadotropin therapy to 
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decrease the gonadotropin dose required for optimum stim- 
ulation has been explored as a method of ovarian induction 
[26, 56-58]. In a randomized trial by Badawy et al. [59], 
letrozole was shown to have no advantage over CC when 
either agent was combined with FSH in the treatment of un- 
explained female infertility. No difference between either 
regimens with respect to endometrial thickness or preg- 
nancy rates was identified. However, the total number of 
follicles and serum estradiol and progesterone concentra- 
tions were significantly greater in the CC + gonadotropin 
group. Supraphysiological estradiol is thought to contribute 
to dyssynchrony between the development of the endome- 
trium and early embryo development which can hinder im- 
plantation [60]. In conjunction with having higher estradiol 
levels, the CC group exhibited a nonstatistically increase 
in the rate of multiple follicles without a corresponding 
significant increase in multiple pregnancy or miscarriage 
rates. In a prospective nonrandomized study, Mitwally and 
Casper compared three ovulation induction regimens in 
women with unexplained infertility, consisting of letrozole 
combined with FSH, CC combined with FSH, or FSH alone 
[22]. The authors concluded that similar to CC, aromatase 
inhibition with letrozole reduced the required FSH dose for 
ovulation induction without the undesirable antiestrogenic 
effects sometimes observed with CC. Endometrial thickness 
was significantly lower in the CC group compared with the 
other treatment groups. The pregnancy rate was also sig- 
nificantly lower in the combined CC-FSH group (10.5%) 
as compared to the combined letrozole-FSH group (19.1%) 
and the FSH-only group (18.7%). Aromatase inhibition 
allowed a reduction in FSH dose similar to that seen with 
CC while maintaining the high pregnancy rate encountered 
with FSH-only regimens. The observation of a thicker en- 
dometrium in the letrozole-FSH group compared to the CC- 
FSH group supports the inference that the effect of CC on 
peripheral tissues can significantly contribute to a decrease 
in pregnancy rates. Estradiol levels were markedly lower 
in letrozole-FSH group as compared to both FSH-only and 
CC-FSH groups [22]. 

These findings have been confirmed by other studies, in- 
cluding a randomized blinded clinical trial by Barroso et al. 
[61] in which letrozole and CC were compared as adjuncts 
to FSH for the purpose of controlled ovarian hyperstimula- 
tion in women with unexplained infertility. Letrozole with 
FSH was shown to achieve similar number of mature fol- 
licles compared with CC with FSH, with lower peak serum 
estradiol levels, which were associated with increased endo- 
metrial thickness. The total dose of recombinant FSH was 
similar between groups. However, in this study, the differ- 
ential effects of letrozole and CC on the endometrium did 
not translate into a significant difference in pregnancy rate 
between both groups, with pregnancy rates of 23.8 and 20% 
in letrozole/FSH and CC/FSH groups, respectively. This 
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discrepancy may be attributable to a relatively small sample 
size resulting in poor statistical power for assessing this sec- 
ondary outcome. There was no difference in the miscarriage 
rate or the proportion of multiple pregnancies in the groups 
treated with letrozole and CC. 


Optimal Dosages of Aromatase Inhibitor 
Therapy 


Despite several studies that have shown letrozole to be ef- 
ficacious for ovarian stimulation, there is a paucity of stud- 
ies examining the optimal dose. When deciding on the ideal 
oral ovulation induction agent to use alone or as an adjunct 
to gonadotropin stimulation with IUI, it is important to con- 
sider that the cost of letrozole per cycle is much higher than 
CC, especially when higher doses of letrozole are required. 
Through the inhibition of aromatase activity, letrozole pre- 
vents the conversion of androgens to estrogen, thereby in- 
creasing testosterone concentrations [62]. Although there 
is data to suggest that testosterone may increase follicular 
FSH-receptor expression in primates and promote follicular 
growth by amplifying FSH effects [41, 42, 62]. It has been 
hypothesized that higher concentrations of testosterone are 
produced with higher doses of letrozole, potentially caus- 
ing an adverse effect on the endometrium. Most investiga- 
tors have studied letrozole using a 2.5 mg dose for duration 
of 5 days during early stimulation [63—65], whereas others 
have used a range from 2.5 to 7 mg [54, 64]. In a study by 
Al-Fadhli et al. [66], patients assigned to receive 5 mg of le- 
trozole produced an overall greater number of follicles, with 
higher pregnancy rates as compared to subjects that received 
2.5 mg. 

Badawy et al. [67] conducted a parallel-group random- 
ized controlled trial comparing the efficacy of letrozole 
at doses of 2.5, 5, and 7.5 mg in 179 women undergoing 
ovulation induction and timed intercourse for treatment of 
unexplained infertility. The demographics of study groups 
were similar except for the fact that patients receiving the 
7.5 mg dose tended to have a significantly longer duration 
of prior infertility compared with the 2.5 mg group. There 
was no significant difference between the three groups re- 
garding the pretreatment endometrial thickness, pregnancy, 
or miscarriage rates. The findings showed a significant dose- 
dependent increase in the total number of follicles greater 
than 14 mm on the day of HCG administration, with the 
most follicles yielded following the 7.5 mg dose. The num- 
ber of days needed to achieve a mature follicle also showed 
a significant dose-dependent decrease with increasing doses 
of letrozole. The increase in the number of mature follicles 
was not paralleled by a similar increase in pregnancy rate 
between the three groups. This is in contrast with the find- 
ings of Al-Fadhli et al. [66], who found no significant dif- 
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ference in the days needed for stimulation (11.4 versus 11.7 
days) for patients receiving 2.5 versus 5 mg of letrozole, 
but demonstrated that a higher dosage was associated with 
a higher pregnancy rate. The mean endometrial thickness 
achieved was 7.5 (+/—0.3) mm in the group receiving the 
2.5 mg dose and 7.8 (+/—0.3) mm in the group receiving the 
5 mg dose. One might assume that the increased concentra- 
tions of midluteal progesterone and endometrial thickness in 
patients receiving higher doses of letrozole would optimize 
the luteal phase and lower miscarriage rates. Conversely, a 
slightly higher miscarriage rate was observed with the use 
of the 5 and 7.5 mg doses compared with the 2.5 mg dose, 
although this finding was not statistically significant. These 
conflicting findings from various studies may be attributed 
to recruitment of different patient populations. 

A systematic review of five randomized controlled trials 
examining outcomes found that although gonadotropin/IUI 
was associated with a higher pregnancy rate, no significant 
differences between the various regimens with regard to live 
birth rates per couple were seen [20]. Injectable gonadotro- 
pins have some drawbacks which include the high cost of 
medication and the expense of the extra monitoring required, 
inconvenience, and a higher probability of high-order mul- 
tiple gestations and ovarian hyperstimulation syndrome [21]. 
Although pregnancy rates with oral agents are lower, they 
are less expensive to use and have a more favorable side ef- 
fect profile. Furthermore, studies have demonstrated that the 
combined use of oral agents along with gonadotropins en- 
hances follicular recruitment while reducing the gonadotro- 
pin dose needed for optimal stimulation, ultimately reducing 
the cost of the cycle without a demonstrable effect on treat- 
ment outcome [22, 23]. Despite this knowledge, there con- 
tinues to be a lack of consensus regarding the most favorable 
ovarian stimulation protocol for women with unexplained 
infertility. 


Side Effects and Safety Concerns 


Concern about the safety of letrozole and potential terato- 
genic effects was raised after an abstract presented at the 
2005 American Society for Reproductive Medicine (ASRM) 
meeting of a follow-up of 150 babies born to women who 
underwent fertility treatment involving the use of letrozole or 
letrozole plus gonadotropin injections compared with 36,000 
natural conceptions delivered in a community hospital [68]. 
The authors reported that the incidences of cardiac and bone 
anomalies were higher in the letrozole group than in the con- 
trol group. The cardiac anomalies comprised of two cases of 
aortic stenosis in the 150 babies, which the authors calculated 
to be statistically higher than the rate of cardiac anomalies in 
the 36,000 babies born from low-risk pregnancies. Similarly, 
there were three different bone abnormalities in the letrozole 
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babies. They also found that women with gestational diabe- 
tes given letrozole delivered infants with significantly lower 
birth weight than controls (p< 0.002; 95 % CI=11.3—136.6). 
The overall rate of congenital anomalies was in the 34% 
range, similar to the general population. The study was fun- 
damentally flawed in that the pregnancy outcome of infertil- 
ity patients was being compared with pregnancy outcome in 
younger, fertile women with natural conceptions. The study 
was never published in a peer-reviewed journal. As a result 
of this report, the use of letrozole for ovulation induction 
in premenopausal women was discouraged owing to the 
potential for maternal and fetal toxicity and fetal malforma- 
tions [69]. The manufacturer of letrozole distributed a letter 
to practicing physicians recommending that the drug not be 
used for fertility treatments. 

Given the fact that AI are typically administered for ap- 
proximately 5 days early in stimulation and stopped well 
before the time of ovulation, deleterious effects on a preg- 
nancy achieved days to weeks later are highly unlikely. The 
exposure of oocytes to AI has not been shown to increase 
birth defects in early animal studies. Toxicology studies have 
shown that anastrozole is well tolerated at 1 and 6 months. 
Oral administration of anastrozole to pregnant rats and rab- 
bits was not shown to cause any teratogenic effects [70]. 
Furthermore, in vitro exposure of mouse follicles to anastro- 
zole did not increase meiotic spindle defects in oocytes and 
birth anomalies [71]. Luthra et al. treated aromatase-overex- 
pressing mice with high doses of letrozole for 6 weeks and 
demonstrated that pregnancies conceived 2 weeks later were 
no different in outcome compared with controls in terms of 
litter size, birth weight, and anomalies [72]. Mitwally et al. 
[48] reported on pregnancy outcome for patients from three 
referral centers receiving letrozole for ovarian stimulation. 
They concluded that pregnancies conceived after letrozole 
had similar miscarriage and ectopic pregnancy rates com- 
pared with other modalities of ovarian stimulation. In addi- 
tion, patients on letrozole had lower multiple gestation rates. 
A multicenter retrospective study by Tulandi et al. provided 
further evidence that the concern about letrozole use for 
ovulation induction may be unfounded [73]. The study was 
completed in 2006 and included 911 babies born to infertility 
patients treated in five Canadian centers, 514 conceived after 
letrozole treatment and 397 after CC treatment. The findings 
showed that the overall congenital malformation and chro- 
mosomal abnormality rates were 2.4% in the letrozole group 
and 4.8% in the CC group. The rate of major malformations 
in letrozole group was 1.2% versus 3% in the CC group; 
however, these differences were not statistically different. 
Ventricular septal defects occurred in 1.8% of the CC group 
compared with 0.2% of the letrozole group, which is slightly 
lower than the 1 in 400 rate quoted in the general population 
[74]. Similar to concerns regarding the possible teratogenic- 
ity of letrozole if administered during pregnancy [75], CC is 
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listed by the FDA as a pregnancy category X drug [76]. No 
further studies in the literature have supported an increased 
risk of birth defects with the use of letrozole for ovulation 
induction, although the number of pregnancies is small in 
comparison to those resulting from CC treatment over the 
past 40 years. 

Badawy et al. [77] conducted a prospective randomized 
trial comparing the safety and efficacy of AI and CC. All 
ovulation induction agents were shown to improve pregnan- 
cy outcomes with miscarriage rates comparable to that of the 
general population. There were no significant differences in 
terms of mean gestational age at delivery, premature deliver- 
ies, birth weight, growth restriction or 5 min Apgar scores 
between the stimulated and naturally conceived pregnancies. 
There was one case of complete cleft palate and one case of 
major congenital heart problem, which ended in early neona- 
tal death in the letrozole group. However, maternal diabetes 
may have contributed largely to the development of a cardiac 
anomaly in this case. No congenital anomalies were reported 
in the anastrozole group. 

Another major safety concern regarding ovulation induc- 
tion is the potential risk for supraphysiological estradiol lev- 
els to promote the growth of estrogen sensitive tumors. AI 
have been used in conjunction with gonadotropins to safe- 
ly induce ovulation for the purpose of oocyte and embryo 
freezing for fertility preservation in patients with endometri- 
al and breast cancer [78]. This combined regimen is thought 
to be the safest strategy as it has been shown to achieve peak 
estradiol levels closer to that observed in natural cycles. In 
a prospective controlled trial which included 60 patients 
with breast cancer, letrozole or tamoxifen combined with 
low-dose FSH was shown to yield a greater number of suc- 
cessfully fertilized embryos than in the subject group treated 
with tamoxifen alone. Peak estradiol levels in letrozole with 
FSH and tamoxifen alone treatment groups were lower than 
levels seen in the tamoxifen with FSH group [79]. Azim 
et al. [80] conducted a prospective study in which 79 pa- 
tients with breast cancer underwent ovulation induction with 
a combined letrozole with FSH regimen and compared with 
136 control subjects with breast cancer. The hazard ratio for 
post-IVF recurrence of breast cancer was reported as 0.56 
(95% CI 0.17-1.9), demonstrating that disease progression 
and prognosis was not compromised as a result of ovarian 
hyperstimulation. 


Directions for Future Research 


A review of the existing literature suggests that letrozole ap- 
pears to be at least as effective as CC in induction of ovula- 
tion and in achievement of live births, with some potential 
advantages over CC. The outcome of ongoing multicenter 
trials may provide definitive evidence of the efficacy and 
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safety of AI compared with CC for infertility treatment. 
There is currently a lack of robust, reliable data with many 
studies having been performed using different patient pop- 
ulations from various countries where key principles of 
clinical practice may differ. This heterogeneity could affect 
demographic factors that have a significant impact on preg- 
nancy outcome, such as decreased maternal age in popula- 
tions in which women may commence a fertility work up 
earlier. As the use of letrozole evolves from its initial indi- 
cation as breast cancer adjuvant therapy to an ovulation in- 
duction agent, the drug’s pharmacodynamics properties and 
teratogenic potential have been the focus of investigation. 
The short half-life and rapid clearance of letrozole prevents 
accumulation of the drug with repeated cycles of use and is 
reassuring regarding birth defects. It is unknown whether the 
higher concentrations of testosterone produced with higher 
doses of letrozole have an adverse effect on the endometrium 
and hormonal milieu of conception and pregnancy. Further 
studies examining endometrial receptivity and androgen pro- 
files with letrozole treatment are needed. Also, prospective 
studies examining the long-term follow-up of children born 
as a result of ovulation induction using either CC or AI are 
warranted in order to establish safety profiles for both drugs. 
Anecdotal reports of low multiple pregnancy rates with the 
use of letrozole alone have yet to be well supported with 
much of the current evidence providing conflicting findings. 
Controlled ovarian stimulation with IUI continues to account 
for more than 50% of multiple pregnancies (twins) and the 
majority of high-order multiple pregnancies (triplets or 
greater) and demonstrates an increased risk of ovarian hyper- 
stimulation syndrome with gonadotropin use. If the multiple 
pregnancy risk with letrozole use is reduced compared with 
CC or gonadotropin treatment, while maintaining equivalent 
pregnancy and live birth rates, this could form the basis for 
a major shift towards letrozole use for ovulation induction. 
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Introduction 


Unexplained infertility refers to a diagnosis (or lack of diag- 
nosis) made in couples in whom all the standard investigations 
such as tests of ovulation, tubal patency, and semen analysis 
are normal. It is seen to exist in as many as 30-40% of in- 
fertile couples [1]. Treatment generally is indicated when the 
duration of infertility is more than three years or the female 
partner is >35 years of age [2]. Though the place of ovarian 
stimulation in these ovulatory women is debatable, over the 
past 15 years, there has been a marked increase in the use of 
ovarian stimulation for the treatment of unexplained infertil- 
ity. Ovarian stimulation significantly improves the fecundity 
in couples with unexplained infertility [3, 4, 5]. This could 
be achieved by correcting subtle deficiencies in the ovulation 
process, improving the endocrine environment, and/or endo- 
metrial receptivity. Ovarian stimulation with gonadotropins 
has been shown to produce better pregnancy rates than either 
clomiphene citrate (CC) or intrauterine insemination (IUI) 
alone [6, 7]. Various agents available for ovarian stimulation 
are gonadotropins, CC, aromatase inhibitors (AI), and pulsa- 
tile gonadotropin releasing hormone (GnRH). 

While CC and AI are dealt with in detail in the preceding 
chapters, our aim in this chapter is to evaluate the use of go- 
nadotropins in couples with unexplained infertility. 


Use of Gonadotropins in Unexplained 
Infertility 


Various factors influence the choice of treatment options in 
couples with unexplained infertility—age of the female part- 
ner, duration of infertility, Anti-Mullerian Hormone (AMH) 
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level and other ovarian reserve markers (AFC, day 3 FSH, 
etc.), past obstetric history such as recurrent miscarriage and 
endometriosis [3]. Traditional treatment options for these 
couples have included expectant management (EM), IUI 
with or without controlled ovarian hyperstimulation (COH) 
or in-vitro fertilization (IVF). 

With less than 2 years of unexplained infertility and in 
women <35 years of age, the prognosis is shown to be good 
even without therapy and over time they have a similar 
chance of achieving pregnancy even without treatments such 
as IUI or IVF [8, 9]. In fact the new National Institute for 
Health and Care Excellence (NICE) clinical guideline 2012 
suggested that couples with unexplained infertility should be 
encouraged to try for natural conception for 2 years before 
they are offered treatment and they recommended offering 
IVF treatment to them after 2 years of EM with the exclusion 
of the COH + IUI option [10]. 

However, unexplained infertility adds considerable stress 
and further EM may not be acceptable to the majority of cou- 
ples and hence they look for more active intervention [11]. 
Superovulation with or without IUI has frequently been used 
as first line option for these couples. 


Types of Gonadotropins 


Gonadotropins used in clinical practice in ovarian stimula- 
tion are follicle-stimulating hormone (FSH), Luteinizing 
Hormone (LH) and human chorionic gonadotropin (hCG). 
Human pituitary gonadotropins were first used successfully 
in clinical practice in 1958 [12]. Since then they have been 
used extensively and various preparations are now available 
for clinical use. 


Urinary Human Menopausal Gonadotropins 

The first preparations of gonadotropins available for clini- 
cal use were derived from urine of postmenopausal women. 
Human menopausal gonadotropin (hMG) has both FSH 
(75 IU) and LH (75 IU) activity in equal amount. The initial 
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preparations were rather crude and contained a significant 
amount of other non-gonadotropin proteins. These proteins 
were antigenic and were responsible for occasional allergic 
reactions observed in some patients. While initial prepara- 
tions were only available for intramuscular administration, 
subsequently refinements removing the non-gonadotropin 
proteins made it suitable for subcutaneous injection. 


Purified and Highly Purified FSH 

Since the 1980s, purified FSH preparations have been pro- 
duced by removing LH and non-gonadotropin proteins by 
monoclonal antibody techniques. Purified FSH has <1 IU of 
LH activity per 75 IU of FSH activity but still has signifi- 
cant amounts of other proteins and requires intramuscular 
injection. Subsequently, highly purified FSH (HP-FSH) has 
been produced which contains <0.001 IU of LH per 75 IU 
of FSH and negligible amounts of other non-characterized 
proteins and can be administered subcutaneously. Reducing 
the non-gonadotropin proteins in these products also reduces 
the chance of allergic reactions. 


Recombinant FSH 

Reduced availability of postmenopausal urine made it dif- 
ficult to produce urinary FSH in the quantities needed to 
meet increasing demand. Thanks to recombinant technology, 
production of recombinant FSH (rFSH) was made possible 
in virtually unlimited quantity. Recombinant FSH has simi- 
lar amino acid sequence and in vitro biological activity as 
urinary FSH with no LH activity. rFSH has been available 
for clinical use since 1990. Recombinant LH is also avail- 
able and has similar pharmacokinetics to native pituitary 
LH. However, most of the LH activity in hMG preparations 
comes from pituitary hCG which has a different pharmaco- 
dynamic profile and the physiologic impact of co-adminis- 
tering rLH remains to be determined. 


Human Chorionic Gonadotropin (hCG) 

hCG, readily available and cheap to manufacture is used to 
simulate the LH surge and induce final oocyte maturation 
and ovulation once follicular development is achieved with 
FSH. Capitalizing on the homology between LH and hCG 
and the longer half-life of hCG, it has also been used to aug- 
ment follicle growth in LH-deficient individuals as well as 
poor responder patients and stimulate progesterone produc- 
tion post-LH surge for luteal phase support. Both urinary and 
recombinant hCGs are available for clinical use. 


Which Preparation to Use? 

Many studies have compared the different FSH prepara- 
tions available. While some studies suggest that the addition 
of LH activity results in better outcomes (pregnancy rates) 
compared to rFSH [13—15], others studies have not con- 
firmed this and find similar outcomes with rFSH being more 
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cost-effective, compared to hMG [16-18]. In the latest Co- 
chrane review, there was no difference seen between rFSH 
and hMG with respect to live birth rate [19]. 


Physiological Principles of Gonadotropins—the 
Threshold/Window Theory 


The aim of ovulation induction with gonadotropins is mono- 
follicular growth. To achieve that it is of utmost importance 
to understand the basic physiological principles of the pi- 
tuitary—ovarian interaction. The initial follicular recruit- 
ment from the primordial pool is independent of FSH and 
is thought to take about 70—80 days. The follicles undergo 
changes from primary, secondary to small antral follicles 
until they become responsive to FSH. During the luteo-fol- 
licular transition the FSH level rises and it has been sug- 
gested that the FSH needs to increase above a certain level 
to induce follicular growth. This has led to the threshold 
theory [20]. If the FSH level increases much higher than the 
threshold level and is sustained, then excessive stimulation 
can occur in patients with ample follicular reserve. Also, it 
has been suggested that the recruited follicles exhibit differ- 
ent degrees of FSH sensitivity [21] and this FSH sensitivity 
changes under the influence of various growth factors [21]. 
Towards the late follicular phase, the level of FSH drops 
due to negative feedback from rising estradiol and inhibin 
B levels. Only the follicle that has maximum sensitivity to 
FSH will continue to grow in the climate of decreasing FSH 
levels and others with less sensitivity will become atretic, 
thus leading to the development of only one dominant fol- 
licle [21]. This gives rise to the FSH window concept. That 
means raised FSH level above threshold is needed for a short 
period to ensure growth of a single dominant follicle [22]. 
Therefore, if FSH is given in a dose that exceeds the 
threshold level for a longer period (i.e. widening the win- 
dow), it will induce growth of multiple follicles by rescuing 
the follicles that were destined to undergo atresia. This forms 
the basis of super ovulation with gonadotropins. Also, these 
principles will help us to formulate various protocols of go- 
nadotropin administration to avoid ovarian hyperstimulation. 


Gonadotropins Compared to Clomiphene Citrate 


For 50 years CC has held a strong position as a first line 
option for couples with unexplained infertility. It acts by in- 
creasing endogenous FSH by its antiestrogenic effect. It has 
been used for ovarian stimulation both alone and with IUI. 
It has been particularly popular due to its low cost, minimal 
monitoring [23], and it is well tolerated [24]. Though initial 
studies supported the use of clomiphene and showed it to 
be equally effective as gonadotropins in achieving live birth 
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[25], subsequent studies showed the opposite to be true [7, 
26]. Recently its effectiveness in ovulatory women with un- 
explained infertility has been refuted showing that the use 
of clomiphene is no better than EM [27]; this was later con- 
firmed by a subsequent systematic review [28] and shown 
not to be cost-effective [29]. 


Gonadotropins Compared to Aromatase 
Inhibitors 


Due to the antiestrogenic effects of clomiphene on the en- 
dometrium and cervical mucus, it has a deleterious effect on 
endometrial development and hence pregnancy rates [30]. 
Recently, there has been a lot of interest in the use of AI. This 
is because, although AI suppress estrogen production and in- 
crease endogenous FSH, they do not have an antiestrogenic 
effects on the endometrium in the late follicular phase [31]. 
In addition to this, AI induce increased intraovarian andro- 
gen levels that may synergize with the central effects of de- 
creased estrogen to enhance follicular recruitment and ovar- 
ian response to gonadotropin stimulation [32]. There have 
been only two studies so far, which have compared AI with 
gonadotropins for ovulation induction in unexplained infer- 
tility and both have shown AI to be comparable to gonado- 
tropins in this regard. In the first randomized controlled trial 
(RCT), letrozole 5 mg from day 3 to day 7 was compared 
to 75—150 IU of hMG in 80 women aged 20-35 years with 
unexplained infertility undergoing IUI. Pregnancy rates be- 
tween the two groups were not statistically different; 18.4% 
in the letrozole group and 15.7 % for the gonadotropin group, 
although cost was significantly higher in the gonadotropin 
group [33]. In the second RCT, 50 couples with unexplained 
infertility were randomized to take letrozole 5 mg for 5 days 
or 150 IU of rFSH daily. Again the pregnancy rates per cycle 
were found to be comparable between the two groups with 
8.9% in the letrozole group and 14% in the gonadotropin 
group. Letrozole was associated with significantly less cost 
and more patient convenience [34]. 


The Use of Combined Treatments with 
Gonadotropins 


Letrozole has also been used together with gonadotropins. 
The first study was a preliminary report of 12 patients who 
had poor response with FSH alone in previous cycles. These 
patients were given letrozole 5 mg from day 3 to day 7 
along with 50-225 IU of FSH daily with IUI. Letrozole was 
associated with a significantly higher number of mature fol- 
licles and lower FSH dose requirement [35]. Subsequent to 
this, several controlled and uncontrolled studies have been 
conducted comparing letrozole and clomiphene in combina- 
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tion with gonadotropins. Letrozole was shown to improve 
the follicular sensitivity to FSH, leading to better follicular 
recruitment/growth, reduced dose requirement of FSH and 
hence was more cost-effective [36]. When letrozole 5 mg 
for 5 days was compared to clomiphene 100 mg for 5 days 
along with gonadotropins prior to IUI, no significant differ- 
ence was noted between the two groups, demonstrating that 
both letrozole and clomiphene were equally effective in this 
regard [37, 38]. 


Gonadotropins Along with IUI 


Gonadotropins are frequently used either alone or with IUI 
for ovulation induction in couples with unexplained infertil- 
ity. When IUI is performed along with gonadotropins, higher 
live birth rates were seen compared to IUI alone or EM [5]. 
The success of ovarian stimulation with gonadotropins and 
IUI varies widely in the literature ranging from 8 to 18% 
[4, 39]. This wide variation is due to differences in patient 
populations, duration of infertility, protocol for ovarian stim- 
ulation, method of insemination, sperm preparation and total 
motile sperm inseminated. 


Dose of Gonadotropins 

The aim of gonadotropin therapy for unexplained infertil- 
ity in ovulatory women is to induce multifollicular devel- 
opment, which will in turn improve cycle fecundity [40]. 
Hence, strict ultrasound monitoring and dose adjustment 
may be required to decrease the risk of ovarian hyperstimu- 
lation syndrome (OHSS). Though the standard starting dose 
of FSH ranges between 75 and 150 IU for ovarian stimu- 
lation with IUI, the optimum dose is difficult to decide as 
every patient’s individual threshold to respond (follicle sen- 
sitivity, body weight, FSH receptor polymorphisms, ovarian 
reserve, etc.) to a specific dose of gonadotropin is different. 
While some patients respond to lower dose of gonadotro- 
pin, others with similar ovarian reserve will require higher 
doses to initiate a response. This is due to the FSH receptor 
polymorphism that might exist in some individuals [41]. The 
latest Cochrane review suggested using the lowest possible 
dose of gonadotropins as the pregnancy rates are comparable 
to high-dose protocols and are associated with a lower risk 
of OHSS [42]. 


Premature LH Surge 

One of the problems faced when performing ovulation in- 
duction designed to cause multi-follicular recruitment (su- 
perovulation) is a higher incidence of premature LH surges 
due to supraphysiologic estradiol (E2) levels before oocyte 
maturity. This leads to an increased rate of cycle cancella- 
tion, lower implantation rates, and frustration [43]. It can 
happen in up to 24% of IUI cycles [44]. CC, GnRH agonists, 
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and antagonists have been used clinically to prevent a pre- 
mature LH surge [45-47]. Initial studies showed improved 
pregnancy rates with GnRH antagonists in gonadotropin- 
stimulated IUI cycles [48], but subsequent multicentre tri- 
als failed to show any increased pregnancy rate with GnRH 
antagonists [47, 49]. However, these latter studies did show 
a lower incidence of LH surge and premature luteinization 
on adding GnRH antagonist. GnRH agonist and antagonist 
have been compared in women with unexplained infertility 
undergoing stimulated IUI. In one RCT, there was no dif- 
ference between the two in regard to pregnancy rates, but 
GnRH antagonists offered a shorter and simpler option [50]. 
GnRH antagonists appear to be useful in women with previ- 
ous premature LH surge during COH or to delay insemina- 
tion for personal reasons. 


Trigger for Ovulation Induction 

In ovarian stimulation with gonadotropin and IUI cycles, it 
is of utmost importance that the insemination is performed 
around the time of ovulation. This is because both sperm and 
oocyte have a limited life span. Sperm survive for ~48 h and 
the oocyte may be fertilized for up to 12 h post LH surge. 
The usual practice is to trigger final oocyte maturation and 
ovulation with hCG. However, the use of hCG along with 
COH has been linked to OHSS [51]. GnRH agonist or wait- 
ing for a spontaneous LH surge may be used instead. A re- 
cent Cochrane review has analyzed ten studies comparing 
all these options and has shown that there is no significant 
difference in live birth rates between them and concluded 
that the choice should depend on a patient’s choice, hospital 
facility and cost [52]. 


Luteal Phase Support 

For a successful pregnancy outcome, it is essential to have a 
good luteal phase with sufficient progesterone support from 
the corpus luteum. One of the main problems of COH is a 
higher possibility of luteal phase deficiency leading to poor 
pregnancy outcome. This is because, in COH, multiple fol- 
licles produce multiple corpora lutea. This in turn produces 
supra-physiological levels of progesterone which exert a 
negative feedback on pituitary LH and reduce LH support 
for the corpus luteum. This results in premature luteolysis 
and hence luteal phase deficiency [53]. This is more relevant 
in IVF cycles using GnRH agonists or antagonists. How far 
this applies to IUI cycles is controversial as the number of 
follicles in stimulated IUI is limited. The hCG used for ovu- 
lation trigger has been shown to have a beneficial effect on 
the luteal phase [54]. Another agent frequently used for lu- 
teal phase support is progesterone, administered vaginally, 
rectally, orally or by intramuscular administration. Several 
studies have looked into the prospect of luteal phase sup- 
port with vaginal progesterone in IUI. The two most recent 
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systematic reviews and meta-analyses analysed 5 RCTs and 
have concluded that vaginal progesterone supplementation 
significantly improves live birth rates in IUI cycles stimu- 
lated with gonadotropins [55, 56]. 


Complications Associated with Gonadotropin 
Therapy and How to Avoid Them 


The main complications of COH with gonadotropins are 
OHSS and multiple pregnancies—both caused by multiple 
follicular development. It is not possible to avoid either 
complication entirely since the goal of treatment is the de- 
velopment of more than a single follicle. However, while 
high-order multiple pregnancies (triplets or more) can be sig- 
nificantly reduced by conservative treatment protocols and 
avoiding pregnancy when more than 2 or 3 follicles develop, 
severe OHSS, a potentially life-threatening condition, is to 
be avoided at all costs. 


OHSS 


OHSS is a condition characterized by a shift of fluid from the 
intracellular compartment to the extracellular spaces lead- 
ing to hypovolemia and hemoconcentration. While the exact 
mechanism is still being debated, hCG remains the catalyst 
that allows it to occur. The hCG causes an inflammatory mi- 
lieu in the preovulatory follicle and the release of vasoac- 
tive substances from the ovaries which increases vascular 
permeability [57]. There are two types of OHSS. The first, 
early onset, is caused by the hCG trigger given to induce 
final oocyte maturation. The second, late onset, occurs if the 
patient becomes pregnant and secretes hCG into the maternal 
circulation. High estrogen levels from multiple follicles act 
as a mediator of hCG on the vascular system [40]. Limit- 
ing the number of follicles by careful monitoring and dose 
adjustments [42], withholding hCG [58], and/or cancelling 
the cycle avoiding pregnancy altogether remains the most 
commonly used methods to prevent OHSS. Other methods 
used are coasting (withholding gonadotropins until estradiol 
falls to <3000 pg/ml before administering hCG for follicle 
maturation) [59], follicular reduction by aspirating some of 
the developing follicles prior to hCG [60], administering a 
GnRH agonist to induce an LH surge for final oocyte matu- 
ration [61], converting to IVF and cryopreserving embryos 
with delayed transfer in a non-stimulated cycle or postpon- 
ing embryo transfer and evaluating for signs of early OHSS 
with cryopreservation of all embryos for patients at high risk 
[62]. All these measures reduce but do not eliminate the pos- 
sibility of experiencing OHSS. 
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Multiple Pregnancies 


While many people associate IVF with the problem of twins 
or high-order multiple pregnancy, in fact superovulation 
with or without IUI in women with unexplained infertility 
accounts for most of these pregnancies [63]. IVF, with re- 
strictions on the maximum number of embryos to be trans- 
ferred in some countries and less restrictive guidelines in 
others, is associated with far fewer high-order multiple preg- 
nancies. Furthermore, recent technological advances such 
as extended embryo culture to the blastocyst stage and pre- 
implantation aneuploidy screening have increased the use of 
elective single embryo transfer, which has further reduced 
the number of multiple pregnancies in women undergoing 
IVF cycles [64, 65]. 

While it is impossible to eliminate the risk of multiple 
pregnancy in superovulation + IUI, the aim should be to re- 
duce the risk to as low as possible with low-dose gonadotro- 
pin treatment and close ultrasound monitoring to monitor for 
risk factors and adjust gonadotropin dose or cancel cycles. 


Is Gonadotropin Treatment for Superovulation 
a Thing of the Past? 


Recently, the role of ovarian stimulation and IUI in couples 
with unexplained infertility has been questioned and the re- 
cent NICE guideline recommends not offering controlled 
ovarian stimulation and/or IUI for these couples [10]. As 
per the NICE guideline, these women should be offered IVF 
after 2 years of EM [10]. 

The effectiveness of IUI in unexplained infertility has 
been questioned by a multicenter randomized clinical study 
[8]. In this study, 253 couples with women aged <39 years 
and having an estimated probability of spontaneous preg- 
nancy of 30-40% were randomized to either COH + IUI for 
6 months or EM for 6 months and showed similar pregnancy 
rates in both groups. The authors concluded that COH + 
IUI are no better than EM. However, this small study is not 
conclusive and the results may be questioned as the success 
rate of COH + IUI per cycle in the participating centers was 
<10% and the insemination was performed irrespective of 
the total motile sperm count (TMS) after preparation. This 
approach may have lowered outcomes as there is evidence 
that lower TMS affects the success of IUI [66]. 

Another prospective trial randomized women into either 
a conventional arm (followed by up to three cycles of FSH/ 
IUI and finally up to 6 cycles of IVF if not successful) or 
an accelerated arm (CC/IUI for up to 3 cycles followed by 
up to 6 cycles of IVF if not successful, omitting the FSH/ 
TUI cycles). An increased pregnancy rate was observed in the 
accelerated arm compared to the conventional arm and was 
also found to be more cost-effective [67]. 
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However, a recent Cochrane review has failed to prove 
effectiveness of IVF over EM or IUI in unexplained infertil- 
ity due to inadequate data from RCTs. Regardless, they have 
concluded that IVF may be more effective than COH + IUI 
[68]. 

In theory, increasing the number of ovulatory follicles should 
increase pregnancy rates and gonadotropin + IUI has long been 
a popular standard approach to treat patients with unexplained 
infertility, as it has fewer dropouts compared to IVF due to its 
less invasive and less time-consuming nature [69]. 


Conclusion 


A diagnosis of unexplained infertility is associated with dis- 
satisfaction, frustration, stress, helplessness, and a sense of 
failure. Although these couples are tolerant of a short period 
of EM, the majority seek more active treatment especially 
if unsuccessful within a given time period. Although for 
women >35 years of age and those with poor ovarian reserve 
and long duration infertility, [VF seems a reasonable first line 
option, the use of gonadotropins for COH is presently widely 
accepted for patients with unexplained infertility. Prior to the 
use of gonadotropins with IUI, a frank discussion with the 
couple regarding success rates, costs, risks and alternatives is 
warranted. This discussion should be documented in the pa- 
tient’s medical record. Until additional, well-designed stud- 
ies are performed, the best initial approach to treatment in 
couples with unexplained infertility will remain a matter of 
debate. Ovulation induction with gonadotropins in ovulatory 
patients with patent fallopian tubes as well as normal semen 
parameters will most likely remain in our list of acceptable 
treatment alternatives. 
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Introduction 


Gonadotropin therapy has a central role in ovarian stimula- 
tion. Its introduction in medical practice dates from almost 
one century ago, and represented a major upgrade in infertil- 
ity treatments. 

Follicle stimulation hormone (FSH) was originally 
derived from animal (pregnant mare serum) or human (post- 
mortem pituitary glands) sources, but these preparations 
were abandoned because of safety concerns [1-3]. Gonado- 
tropins were first extracted from urine in the 1940s: human 
chorionic gonadotropin (hCG) in 1940 and human meno- 
pausal gonadotropin (hMG) in 1949. Over a decade later, the 
first urinary forms of hCG and hMG became commercially 
available [2, 3]. Treatment of anovulatory women with exog- 
enous gonadotropin administration started in the 1960s and 
expanded to ovulatory women to promote multifollicular 
development in the 1980s [1-3]. 

Further improvements in the purification methods led 
to the production of FSH-only products in the 1980s, fol- 
lowed by the highly purified urinary FSH (HP-hFSH), 
which became available 10 years later, in 1993 [2-3]. In 
the 1970s and 1980s, advances in DNA technology enabled 
the development of recombinant human FSH (rec-hFSH), 
which became commercially available in 1995 [2-4]. 
In 2000, recombinant human luteinizing hormone (rec- 
hLH) became available and, with the launch of recombinant 
human hCG (rec-hCG) in 2001, the complete recombinant 
gonadotropin portfolio was launched [2, 3]. The most recent 
developments have been (1) the introduction of the filled-by- 
mass (FbM) rec-hFSH formulation in 2004, which improved 
batch-to-batch consistency when compared with products 
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quantified by the standard rat in vivo bioassay, (ii) the com- 
bination of rec-hFSH and rec-hLH in the same formulation 
in 2007, (iii) the long-acting FSH gonadotropin in 2010, and 
(iv) the novel family of pen injectors that deliver recombi- 
nant gonadotropins in 2011 [5-11]. 

The purposes of this chapter are (1) to review the gly- 
coproteic structure and actions of gonadotropins, (2) to 
describe the discovery landmarks of exogenous gonatropin 
preparations, from earlier animal extracts to current products 
manufactured by recombinant technology, (3) to examine the 
quality, safety, and clinical efficacy of commercially avail- 
able gonadotropins, (4) to examine the rationale of using 
luteinizing hormone (LH) supplementation during ovar- 
ian stimulation and the differences in LH activity between 
rec-hLH and hMG preparations, and lastly (5) to present the 
future perspectives on novel pharmaceutical preparations for 
follicular stimulation. 


Physiology of Endogenous Gonadotropins: 
A Brief Overview 


Gonadotropins comprise a category of glycoproteic hormones 
including FSH, LH, and hCG. FSH and LH are synthesized 
and secreted by gonadotrophs of the anterior pituitary gland 
under stimulation of pulsatile secretion of gonadotropin- 
releasing hormone (GnRH) from the hypothalamus [12]. 
Human chorionic gonadotropin is synthesized during preg- 
nancy by syncytiotrophoblast cells and also by the pituitary 
in perimenopause and menopause women [13, 14]. 

FSH and LH bind to G protein-coupled receptors and 
stimulate the production of cyclic adenosine monophosphate 
(cAMP) by activation of protein kinase A pathway [15]. In 
males, FSH is essential for Sertoli cell function and sper- 
matogenesis whereas in females it stimulates recruitment 
and growth of early antral follicles (2-5 mm in diameter) 
[16]. FSH receptors are expressed only in the granulosa cells 
(GC) while LH/hCG receptors are expressed in both GC and 
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theca cells. Although LH/hCG receptors expression is at its 
maximum in GC of preovulatory follicles, antral follicles 
with 3—10 mm in diameter already express these receptors at 
approximately 10% of the maximum [17]. While FSH acts 
as the main antral follicular growth regulator, LH plays a 
key role in promoting steroidogenesis and development of 
the leading follicle and has different functions in different 
stages of the cycle [18]. During the early follicular phase, 
LH stimulates the production of androgens by theca cells. 
Androgens are then transferred to the GC and transformed 
into estrogens via aromatization [19]. Lastly, LH promotes 
final follicular maturation via its direct effects on the GC in 
the late follicular phase [20]. 


Follicular Recruitment and Growth 
During Menacme 


The primordial follicle comprises the oocyte, arrested at the 
diplotene stage of the meiotic prophase, and a single layer of 
spindle-shaped GC. Primordial follicles undergo growth and 
atresia at all times, not interrupted by pregnancy, ovulation, 
or periods of anovulation. This dynamic process continues at 
all ages, including infancy and around menopause [22]. It is 
a continuous phenomenon driven by unknown mechanisms, 
but it appears to be independent of pituitary gonadotropins 
[16]. The early development of follicles occurs over the time 
span of several menstrual cycles. In ovulatory women, it has 
been estimated that follicle growth from primordial to large 
preantral stages takes approximately 150 days [23]. Most of 
this time span (up to the late developmental stage) involves 
responses independent of hormonal regulation. In vitro stud- 
ies indicate that activin stimulates granulosa cell division in 
preantral follicles, which, in turn, are influenced by other 
growth factors including TGF-B, bone morphogenetic pro- 
teins and growth and differentiation factor 9. In addition, GC 
of preantral follicles are responsive to estrogens, androgens, 
insulin, and insulin-like growth factor-1. Despite that, transla- 
tion of these findings in vivo is yet to be fully confirmed [24]. 

Preantral folliculogenesis thus provides a continuous 
source of early antral follicles from the primordial pool 
[24]. Studies on human folliculogenesis have shown that 
FSH receptor gene expression is halted until primordial fol- 
licles begin to grow [25]. The early antral follicles become 
FSH responsive and will constitute the pool of available fol- 
licles that can be stimulated to develop [16]. As a result of 
corpus luteum demise and subsequent decrease in estrogen 
production during the luteo—follicular transition, FSH serum 
concentrations start to rise before menses and continue to 
increase during the first 6 days of the follicular phase [16, 
18, 22, 24]. FSH rise is crucial to rescue antral follicles from 
atresia. A threshold concentration of FSH must be achieved 
to initiate follicular development otherwise the cohort of 
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follicles available to grow is doomed to apoptosis [16, 26]. 
Under FSH influence at the beginning of the menstrual cycle, 
a group of 3—11 follicles per ovary is propelled to grow in a 
process named “recruitment” [12, 27]. 

Upon FSH binding to its receptor, adenylate cyclase- 
mediated signal is activated, which is followed by the 
expression of multiple mRNAs that encode proteins respon- 
sible for cell proliferation, differentiation, and function. FSH 
stimulates the proliferation and growth of granulosa cells 
(mitogenic action) and induces aromatase activity via P450 
activation [22]. Concomitantly, there is an increase in the 
number of FSH receptors as GC respond to FSH. The regu- 
lation of GC’s FSH receptor activity is complex and involves 
not only the direct cAMP-mediated FSH influence on its 
own receptor gene but also estrogen and other inhibitory 
agents including epidermal growth factor, fibroblast growth 
factor and GnRH-like protein. Inhibin and activin, also pro- 
duced by granulosa cells in response to FSH, have autocrine 
activity and stimulate the production of FSH receptors thus 
enhancing FSH action [18, 22]. 


Ovarian Steroidogenesis 


The two-cell system, first proposed by Falck in 1959, is 
a logical explanation for the events involved in ovarian 
steroidogenesis [22, 28]. This system is based on the as- 
sumption that while FSH receptors are present only in the 
GC, LH receptors are present in the theca cells and absent 
in the GC during the early follicular stages [18, 22]. Theca 
cells are characterized by exhibiting steroidogenic activity 
in response to LH stimulation. Specifically, cholesterol is 
converted in androgens, that is, testosterone and androstene- 
dione, by transcription activities of cholesterol side-chain 
cleavage enzyme (P450scc), P450c17 and 3B-hydroxysteroid 
dehydrogenase (3B-HSD) genes. The starting point of ste- 
roid biosynthesis is cholesterol, a carbon 27 (C27) steroid 
[18, 29, 30]. Cholesterol is converted to pregnenolone (C21) 
by P450scc (CYP11A—cytochrome P450, family 11, sub- 
family A, polypeptide 1), whose regulation is mediated by 
steroidogenic acute regulatory protein (StAR). StAR facili- 
tates the influx of cholesterol into the mitochondria where 
P450scc is located. StAR expression is enhanced by cAMP 
and by stimulation of GC with FSH, LH and hCG [30]. 

The primary route of pregnenolone metabolism is via the 
delta-5 pathway, the first two steps of which are driven by 
the same enzyme, CYP17 (P450c17). The hydroxylation of 
pregnenolone at the C17a position forms 17-hydroxypreg- 
nenolone, and the subsequent removal of the acetyl group 
forms the androgen precursor dehydroepiandrosterone 
(DHEA). Accordingly, CYP17 has both hydroxylase and 
lyase activity. Lastly, DHEA is converted to androstenedione 
by 3B-HSD (Fig. 28.1; [18, 29, 30]). A secondary route of 
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Fig. 28.1 Human ovarian steroidogenesis. The starting point for ste- 
roid biosynthesis is the conversion of cholesterol in pregnenolone by 
P450scc. One route of pregnenolone metabolism is the delta-5 path- 
way (red arrows) by action of CYP17 (P450c17). Hydroxylation of 
pregnenolone at the C17a position forms 17-hydroxypregnenolone, and 
subsequent removal of the acetyl group forms the androgen precursor 
dehydroepiandrosterone (DHEA). Another route of pregnenolone me- 


metabolism involves the conversion of pregnenolone to pro- 
gesterone by the action of 3B-HSD via the delta-4 pathway. 
Progesterone is then converted to 17-hydroxyprogesterone 
by CYP17 (Fig. 28.1; [30]). 

Importantly, CYP17 is located exclusively in thecal and 
interstitial cells, the extrafollicular compartment of the 
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tabolism is the delta-4 pathway (purple arrows) in which pregnenolone 
is converted to progesterone by the action of 3b-HSD (an irreversible 
conversion). Progesterone is then converted to 17-hydroxyprogesterone 
by CYP17. In humans, 17-hydroxyprogesterone cannot be further me- 
tabolized. Aromatization of androgens to estrogens is a distinct activity 
within the granulosa layer induced by FSH via activation of the P450 
aromatase (P450arom) gene 


CYP19 (aromatase) 


ovary, whereas CYP 19 (aromatase), that converts androgens 
to estrogens, is expressed exclusively in GC, the intrafol- 
licular compartment [31, 32]. Thus, aromatization of andro- 
gens to estrogens is a distinct activity within the granulosa 
layer induced by FSH via activation of the P450 aromatase 
(P450arom) gene. Androgens produced in the theca layer 
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Fig. 28.2 The “two-cell” system. 
FSH receptors are present only in 
the granulosa cells. LH recep- 
tors are present in the theca 

cells and initially absent in the 
granulosa cells. In response to 
LH, theca cells convert choles- 
terol to androgens (testosterone 
and androstenedione). CYP17 is 
located exclusively in thecal cells 
whereas CYP19 (aromatase) is 
expressed only in the granulosa. 
Thus, androgens must diffuse into 
the granulosa layer to be con- 
verted to estrogen via aromatiza- 
tion induced by FSH. Both FSH 
and LH act via AMPc production. 
In the late follicular phase, FSH 
induces LH receptor formation in 
the granulosa cells, which acquire 
LH responsiveness. In the granu- 
losa, LH enhances FSH action 
(increasing estrogen production) 


GRANULOSA 
CELLS 


must therefore diffuse into the granulosa layer to be con- 
verted to estrogens. Hence, increasing levels of estradiol in 
the peripheral circulation during follicular phase reflect the 
release of estrogen from granulosa cells into blood vessels 
(Fig. 28.2; [18, 22]). 

Theca and granulosa cells also secrete peptides that act as 
both autocrine and paracrine factors [33]. Insulin-like growth 
factor (IGF) is secreted by theca cells and enhances LH-me- 
diated androgen production within the thecal compartment 
as well as FSH-mediated aromatization in granulosa cells. 
Inhibin and activin are produced in the granulosa cells in re- 
sponse to FSH, and modulate the expression of steroidogenic 
enzymes, especially P450c17 in theca cells. While inhibin 
enhances androgen synthesis, activin has an opposite effect. 
Activin also has the important autocrine role of enhancing 
FSH action mainly by increasing the expression of FSH re- 
ceptors [18]. 

In conclusion, estrogen secretion by the follicle prior to 
ovulation is the result of combined LH and FSH stimulation 
of the two cell types, theca and granulosa, influenced by au- 
tocrine and paracrine factors (Fig. 28.3; [18, 22]). 


Follicular Selection 
The enzymatic activity within both granulosa and theca 


cells leads to estradiol rise (and inhibin), and as a conse- 
quence FSH serum concentration progressively falls due to 
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inhibition of GnRH synthesis in the hypothalamus [16, 18]. 
The mid-follicular FSH fall causes atresia of less mature fol- 
licles that are unable to grow without adequate FSH stimula- 
tion. On the other hand, a maturing selected follicle contin- 
ues to develop because of its increased sensitivity to FSH 
that in turn makes it less dependent to FSH itself [16]. In 
addition, FSH induces LH receptor expression in preovula- 
tory follicle granulosa cells [34]. The action of LH on its 
receptors also activates adenyl cyclase leading to the pro- 
duction of cAMP, which represents an additional stimulus 
to follicular growth [35]. Thereby, the maturing follicle also 
reduces its dependency on FSH by acquiring LH receptors 
and LH responsiveness [16, 34, 36, 37]. 

LH acts in GC to stimulate steroidogenesis, ultimately 
leading to an increase in estrogen production (Figs. 28.2 and 
28.3) [22]. At first, estrogen levels rise slowly during the late 
follicular phase. It is then followed by a rapid rise that reach- 
es its peak approximately 24-36 h prior to ovulation [38]. 
The LH surge occurs when the peak of estradiol is achieved 
[39]. Under physiologic conditions, an estradiol threshold of 
200 pg/mL for at least 2 days is needed for LH surge [40]. 

Most circulating progesterone (~ 95 %) is produced in the 
intrafollicular compartment by the granulosa cells via the ac- 
tion of 3B-HSD that catalyzes the conversion of pregnonolone 
(delta-4 pathway) under LH influence (Fig. 28.1; [22, 29]). 
Despite a marked increase in progesterone levels measured 
at the veins of the active ovary in the mid-follicular phase, 
peripheral concentrations increase only slightly probably 
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Fig. 28.3 Modulation of steroidogenic enzymes. In the early follicular 
phase inhibin and activin are produced by the granulosa cells in re- 
sponse to FSH. They have important paracrine functions to modulate 
the expression of steroidogenic enzymes, especially P450c17 in theca 
cells. Inhibin enhances LH function thus stimulating androgen synthe- 
sis to latter aromatization to estrogen in the granulosa, whereas activin 
suppresses androgen synthesis. Activin has also an important autocrine 
role of enhancing FSH action especially by increasing the production of 
FSH receptors. Production of inhibin by the granulosa cells is increased 


due to active liver metabolism [42]. Progesterone can be fur- 
ther converted to 17-hydroxyprogesterone by CYP17 (via 
delta-4 pathway). However, very little 17-hydroxyprogester- 
one is converted to androstenedione since human CYP 17 ca- 
talyses this reaction at only 3 % of the rate for the conversion 
of 17-hydroxypregnenolone to DHEA [29, 21, 41]. Hence, 
17-hydroxyprogesterone is basically the final product of the 
delta-4 pathway in humans. Moreover, progesterone cannot 
be metabolized in the GCs because CYP17 is not expressed 
within this cell compartment; as such, progesterone is the 
final product of the delta-4 pathway in the intrafollicular 
compartment and cannot be further converted to estradiol 
within the GC under the effect of LH (or hCG) [31]. 

The preovulatory rise in progesterone facilitates the posi- 
tive feedback action of estrogen on the pituitary; the latter is 
the key factor to induce the midcycle LH peak. Progesterone 
also stimulates a midcycle FSH surge, important to support 
the full expression of LH receptors in the granulosa layer 
[22, 44]. In experimental studies, it has been demonstrated 
that elevated levels of estradiol per se can elicit simultaneous 
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in the late follicular phase while activin is decreased, with a positive 
effect on androgen production by theca cells. FSH induces LH recep- 
tor formation in the granulosa cells, which acquire LH responsiveness 
and thus, less FSH dependence. In granulosa, LH enhances FSH action 
which in turn increase estrogen production, initiates progesterone 
production (negatively modulated by activin), and control granulosa 
production of inhibin. The increase in inhibin, in turn, suppresses FSH 
secretion by the pituitary, important to ensure the dominance of a single 
follicle 


surges of LH and FSH, thus indicating that progesterone is 
not mandatory although it certainly enhances estradiol action 
(22, 45]. 


Ovulation 


The LH surge triggers resumption of oocyte meiosis that had 
been halted at prophase I (germinal vesicle stage). Also, it 
promotes luteinization of granulosa cells and the synthesis 
of prostaglandins and other eicosanoids that are essential 
for follicle rupture. The LH surge is characterized by three 
phases: (i) a rapidly ascending phase lasting for 14 h, (ii) a 
plateau of approximately 14 h, and (iii) a descending phase 
of about 20 h [46]. During the LH surge, intrafollicular levels 
of progesterone continue to rise up to the time of ovulation. 
FSH, LH, and progesterone stimulate the activity of proteo- 
lytic enzymes, such as matrix metalloproteinases, disinteg- 
rin, and metalloproteinase with thrombospondin-like repeats 
(adamts), which digest collagen in the follicular wall and in- 
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crease its distensibility [22, 47, 48]. The LH surge also trig- 
gers the release of histamine, which has been shown to fully 
support follicle rupture in some experimental models [22]. 

Granulosa and theca cells also produce plasminogen acti- 
vator in response to the LH surge, which activates plasmino- 
gen in the follicular fluid to produce plasmin. Plasmin, in 
turn, generates active collagenase that disrupts the follicu- 
lar wall [22]. In humans, only one follicle usually achieves 
dominance and grows up to ovulation. Occasionally, two 
follicles reach the 10 mm stage at the same time; since both 
are equally sensitive to FSH, they survive and grow in this 
relatively low physiological FSH environment. As a result, 
two ovulations can occur in the same cycle, possibly leading 
to a dizygotic twin pregnancy [16]. 

After ovulation, the corpus luteum is formed. Hormone 
production by the luteinized granulosa layer is dependent on 
the number of LH receptors expressed during the preovula- 
tory phase. Luteal cells derived from the theca compartment 
continue to produce androgens for aromatization into estro- 
gens by luteal cells derived from the granulosa compartment. 
In addition, progesterone is produced in both luteinized 
theca and granulosa cells [18]. As such, the corpus luteum 
produces estradiol and progesterone under the influence of 
endogeneous LH activity. As the luteal phase progresses, 
progesterone inhibits LH release via negative feedback. Dur- 
ing the luteal-follicular transition, the LH decline causes the 
corpus luteum to involute and demise [49]. If implantation 
occurs, the syncytiotrophoblast cells start to produce hCG, 
which binds to LH/hCG receptors. In early pregnancy, hCG 
rescues the corpus luteum and maintains luteal function until 
placental steroidogenesis is well established [22]. 


Structure and Function of Endogenous 
Gonadotropins 


Gonadotropins (FSH, LH, and hCG) are proteins covalently 
linked to a carbohydrate (glycoproteins). They are composed 
of two noncovalently linked protein subunits, the alpha and 
beta. The three-dimensional structure and the active confor- 
mation of the subunits are maintained by internal disulfide 
bonds [50]. The alpha subunit contains 92 amino acids and 
is identical in FSH, LH, and hCG. In contrast, beta subunits 
are distinct and confer unique receptor specificity as well as 
differential biological and immunological properties [51]. 
Protein subunits alone have no biologic activity; the latter is 
provided by the attachment of carbohydrate moieties form- 
ing heterodimers [3]. In general, protein glycosylation plays 
a very important regulatory role in determining protein ac- 
tivity and function. The extent and pattern of glycosylation 
convey the differential spectrum of charges, bioactivities 
and half-lives of each glycoprotein [52]. Glycoproteins have 
two basic types of glycosylation patterns, the O-linked and 
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N-linked. O-linked glycosylation is characterized by attach- 
ment of the carbohydrate N-acetylgalactosamine (GalNAc) 
to the hydroxyl group of an amino acid, serine, or threonine. 
N-linked glycosylation involves attachment of N-acetyl glu- 
cosamine (GlcNAc) to the amide group of asparagine (Asn; 
Fig. 28.4; [53]). 

Gonadotropins are further modified in vivo by the ad- 
dition of a sialic acid (sialylation) or sulfonic group (sulfo- 
nation) to the carbohydrate moieties. Both sialylation and 
sulfonation are physiological processes with major roles in 
gonadotropin biological activity modulation [54, 55]. The 
oligosaccharides often terminate with sialic acid and/or sul- 
fonated B1-4-linked GalNAc (SO3-4GalNAc) [54, 56]. The 
sulfonation pathway leading to terminal SO3-4GalNAc is 
first regulated by a peptide-specific B1-4GalNAc-transferase 
adding GalNAc to the subterminal GlcNAc residue on the 
glycan chains. This enzymatic effect occurs in competition 
with a B1-4-galactosyltransferase adding galactose to the 
subterminal GlcNAc in a sialylation pathway leading to ter- 
minal sialic acid [54]. There are some elements that must 
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Fig.28.4 Glycosylation patterns of FSH, LH, and hCG. The alpha sub- 
units of each hormone are identical in amino acid sequence and contain 
two sites of N-linked glycosylation. The beta subunit confers hormone 
specificity and contains variable amounts of N-linked glycosylation. 
LH beta subunit contains a single site of N-linked glycosylation, while 
FSH and hCG beta subunits contain two sites of N-linked glycosyl- 
ation. In addition, hCG has an extended C-terminal that contains four 
sites of O-linked glycosylation 
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be recognized by GalNAc-transferase [57]. For example, a 
Pro-Leu-Arg tripeptide motif in the beta subunit of LH and 
a cluster of cationic amino acids (Pro-Leu-Arg-Ser-Lys-Lys) 
in the corresponding alpha subunit are recognized by the B1- 
4GalNAc-transferase leading to a considerably increased 
rate of GalNAc transfer to the LH molecule. Unlike LH, the 
tripeptide motif is not present in the beta subunit of FSH thus 
resulting in a low-enzymatic activity of the peptide-specific 
B1-4GalNAc-transferase. Therefore, sulfonation plays a con- 
siderably lower role in the clearance of FSH compared with 
LH. On the other hand, sialylation pathway dominates the 
FSH molecule [54]. The extent and pattern of glycosylation 
also seem to be under hormonal influence, most likely from a 
combination of steroidal feedback and GnRH [55, 58]. 

Molecules with increased number of sulfonated Gal-NAc 
disappear faster from the circulation than less sulfonated 
isoforms, due to their affinity to specific SO,-4GalNAc re- 
ceptors in the liver [54, 59]. On the other hand, increased 
number of sialic acids enhances half-life [54, 60]. While re- 
moval of the carbohydrate moieties of either subunit dimin- 
ishes gonadotropic activity, experimental data indicate that 
carbohydrate chains have no role in gonadotropins binding 
to their receptors [61]. However, carbohydrate components 
affect the biologic activity of the hormone-receptor complex 
after binding, thus playing a critical role in activation (cou- 
pling) of the adenylate cyclase system [62]. 


Follicle-Stimulating Hormone (FSH) 


Likewise LH and hCG, the alpha subunit of FSH has 92 
amino acids (AA). The beta subunit is composed of 111 
amino acids with four N-linked glycosylation sites, two on 
the alpha subunit, added to Asn52 and Asn78, and two on 
the beta subunit (Asn7 and Asn24) [53, 63]. Thereby, each 
subunit is attached to two carbohydrate moieties with vari- 
able compositions that, in turn, create different isoforms 
(Fig. 28.5; [3, 53]). These multiple isoforms of FSH differ in 
their plasma half-lives (ranging from 3 to 4 h) and bioactiv- 
ity [3]. 

Although both sialic acid and sulfonated GalNAc residues 
modulate the half-lives of human gonadotropins, sialic acid 
residues are much more common in FSH than sulfonated 
residues [60]. Increased sialylation enhances FSH metabolic 
stability by decreasing both glomerular filtration and clear- 
ance by sialoglycoprotein receptors in the liver, which is the 
major site for gonadotropin clearance [64, 65]. It means that 
the greater the sialic acid content, the longer the hormone 
remains in circulation [54—56, 60, 64, 65]. 

Production of different isoforms is controlled by a com- 
bination of steroidal feedback and GnRH [55, 66]. The 
higher the estradiol levels, the lower the FSH sialylation 
(Table 28.1; [3, 67]). Therefore, the pattern of circulating 
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Fig. 28.5 Follicle-stimulating hormone molecule. FSH is a glycopro- 
tein consisted of two subunits, the alpha subunit (ved) and the beta sub- 
unit (blue). There are four carbohydrate attachment sites, two in each 
subunit. The carbohydrate chains are represented by the light blue balls 


Table 28.1 Characteristics of native FSH isoforms 


Isoform Sialic acid Biologic Invivo Predominance 


content activity half-life 
Acid High Low Long Early/mid-follicular and 
luteal phase 
Basic Low High Short Late follicular/preovula- 


tory phase 


FSH during the menstrual cycle is dynamic with respect not 
only to its quantity (concentration) but also to isoform dis- 
tribution (quality) [58]. The isoform profile is more acidic 
during early follicular to midfollicular phase, and become 
more basic shortly before ovulation [3, 58, 68]. These dy- 
namic changes in sialylation are not mimicked by exogenous 
gonadotropin formulations, and it is unknown whether the 
absence of such fluctuations during controlled ovarian stim- 
ulation (COS) would affect oocyte quality [3]. 


Luteinizing Hormone 


Although the LH alpha subunit is identical to that of FSH, 
the beta subunit contains more amino acids (121 AA) than 
FSH, a difference that confers its specific biologic activity 
and is responsible for its interaction with the LH receptor [3]. 

Elimination of LH from circulation is modulated by the 
number of both SO3-GalNAc and sialic acid residues attached 
to the carbohydrate moieties [64]. LH B-subunits contain a 
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single site of N-linked glycosylation (Asn 30) and less sialic 
acid residues (only 1 or 2); as such, LH has a short initial 
half-life of only 20-30 min (Fig. 28.6; [64]). Furthermore, 
LH molecules with increased number of SO3-4GalNAc dis- 
appear faster from the circulation due to binding of sulfonic 
groups to specific SO3-4GalNAc receptors at the hepatic en- 
dothelial cells [54, 59]. In rats, it has been demonstrated that 
the aforesaid hepatic receptors bind bovine LH with highest 
affinity only when two or more sulfonated GalNAc residues 
are present on multiple oligosaccharides. Because this par- 
ticular carbohydrate structure is also found on human LH, it 
seems possible that a similar system operates in humans [60]. 

Likewise FSH, LH shows fluctuations in isoform profile 
during the menstrual cycle. More basic LH isoforms are seen 


Fig. 28.6 Luteinizing hormone molecule. LH is a glycoprotein with 
two subunits, the alpha subunit (red), similar to that of FSH and hCG 
with two carbohydrate attachment sites, and the beta subunit (blue), 
with only one carbohydrate attachment site. The carbohydrate chains 
are represented by the /ight blue balls 
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Fig. 28.7 Human chorionic gonadotropin molecule. hCG is similar in 
its structural attributes to LH. A notable exception is the presence of a 
long carboxy-terminal segment that is O-glycosylated (O-linked CHO), 
conferring longer half-life to hCG. The alpha and beta subunits are rep- 
resented in red and blue strands, respectively, whereas the carbohydrate 
chains are represented by the light blue balls 


at midcycle due to considerably decreased sulfonation con- 
comitant with slightly increased sialylation. Both changes 
increase LH half-life in the circulation, thus explaining the 
increased levels of serum LH at this period. This change in 
isoform profile seems to be physiologically important for 
ovulation triggering [60]. 


Human Chorionic Gonadotropin 


As already mentioned, the alpha subunit of hCG is identical 
to those of LH and FSH. Although hCG amino acid sequence 
is similar to that of LH, a notable difference is the presence 
of a long carboxyterminal segment with 24 AA containing 
four sites of O-linked oligosaccharides (Fig. 28.7; [3, 53]). 
In addition, hCG beta subunits contain two sites of N-linked 
glycosylation compared with a single site in LH. Due to the 
higher number of both glycosylation sites and sialic acid 
residues (approximately 20) than LH, native hCG exhibit a 
markedly longer terminal half-life in comparison with LH 
(Table 28.2; [64]). 


Landmark Studies in the Development 
of Exogenous Gonadotropins 


Early Understanding of the Hypothalamic- 
Pituitary—Ovarian Axis 


The development of gonadotropin preparations began in 
1910, when experimental evidence suggested that the pitu- 
itary had a role in the regulation of gonadal stems. Crowe 
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Table 28.2 Structural characteristics of endogenous FSH, LH, and hCG 
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Alpha subunit Beta subunit N-linked glycosyl- N-linked glycosyl- O-linked glycosyl- Carboxyl terminal Half-life 
ation sites (alpha) ation sites (beta) ation sites (beta) segment 
FSH 92AA 111 AA 2 2 — Absent 3—4 h 
LH 92AA 121 AA 2 1 = Absent 20-30 min 
hCG 92AA 145 AA 2 2 4 Present 24h 


t/=time that it takes for the concentration in blood plasma of a substance to reach one-half of its steady-state value 


AA amino acids 


et al. were the first to show that partial pituitary ablation re- 
sulted in gonadal atrophy in adult dogs and persistence of 
infantilism in puppies. Two years later, Aschner confirmed 
these findings and postulated that pituitary function depend- 
ed upon the function of higher centers in the brain. This au- 
thor was the first to suggest that the gonads were affected 
by pituitary extracts and that their use might have clinical 
applications [2]. 

In the late 1920s, numerous studies with different species 
showed that implantation of anterior pituitary tissue from 
sexually mature females into sexually immature counterparts 
induced precocious sexual maturity, marked enlargement of 
the ovaries and superovulation. In contrast, reproductive 
function was lost after complete pituitary ablation in both 
sexes [2, 3]. 

In 1929, Zondek proposed that two hormones were se- 
creted by the pituitary and had stimulatory effects to the 
gonads. These hormones were named “Prolan A” and “Pro- 
lan B” which are now known as FSH and LH, respectively. 
These authors described the relationship between the pitu- 
itary and gonads and the cyclical secretory dynamics of the 
two gonadotropins in women [2, 3]. 


Discovery of hCG, PMSG, and Animal Pituitary 
Extracts 


Zondek, in collaboration with Ascheim (1927), demonstrat- 
ed that the blood and urine of pregnant women contained a 
gonad-stimulating substance capable of inducing both fol- 
licular maturation and ovarian stromal luteinization when 
injected into immature mice. They believed that this sub- 
stance was produced by the anterior pituitary. Subsequently, 
it has been shown that this substance was human chorionic 
gonadotropin (hCG) being produced in the placental tissue 
of the syncytiotrophoblast [2, 3, 69]. In vitro production of 
hCG was then possible by culturing placental tissue. hCG 
was commercially launched in 1931 under the label of Preg- 
non®, later changed to Pregnyl® [2, 3]. 

In 1930, following the discovery of hCG, a substance 
found in the maternal—fetal interface of pregnant mares and 
extracted from their blood was purified, stabilized as a pow- 
der, and sterilized for use in laboratory and clinical studies. 
This substance was named “pregnant mare’s serum gonado- 
tropin” (PMSG; [3]). Early observations revealed that hCG 
administered alone in the follicular phase failed to promote 


follicular development and ovulation, indicating that hCG 
had no effect in the absence of FSH [2, 70]. In contrast, 
clinical trials demonstrated that PMSG was able to induce 
an ovarian response, but attempts to fully induce ovulation 
produced inconsistent results [71]. Concomitantly, research- 
ers sought other gonadotropic animal extracts to be used in 
the treatment of infertile patients suffering from gonadotro- 
pin insufficiency. In the 1930s, gonadotropins extracted from 
swine and sheep pituitaries were tested clinically to treat 
such patients [2]. 

The concept of using PMSG, hog or sheep pituitary go- 
nadotropins to stimulate follicular development and hCG 
to trigger ovulation (two-step protocol) was introduced in 
1941 [72]. Pituitary animal extracts and PMSG were used in 
both Europe and the USA until the early 1960s, despite the 
findings that such treatments resulted in the production of 
neutralizing antibodies (antihormones), which rendered the 
ovaries unresponsive to repeated stimulation [2, 3, 73]. Due 
to the aforementioned effect, PMSG was withdrawn from 
the market in the early 1970s. Nevertheless, animal-derived 
gonadotropins were still available in some eastern European 
countries until 1998 [2]. 


Human Pituitary Gonadotropin 


The recognition that animal gonadotropins induced the pro- 
duction of antihormone antibodies, which could neutralize 
not only the preparation administered but also endogenous 
gonadotropins, had been the driven forces of scientific and 
technological efforts to extract and purify gonadotropins 
from human sources. In this sense, a special interest group, 
named “G club,” was formed in 1953 to coordinate and pro- 
mote the development of specific assay procedures as well 
as bioassay standards and purification methods to obtain 
gonadotropin preparations suitable for therapeutic purpos- 
es [2]. 

Human pituitary gonadotropin (hPG) was first isolated in 
1958 by Carl Gemzell. Between 1958 and 1988, hPG prepa- 
rations were successfully used for ovulation induction world- 
wide [74, 75]. However, it soon became clear that the supply 
of human pituitaries was too limited to fulfill its constantly 
growing demand [1-3]. Pituitary glands from ten individuals 
were needed to yield sufficient quantities of gonadotropin to 
stimulate one patient for one cycle. In addition, there were 
constant problems with purification and dose standardization 
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[1]. By the mid—1980s, cases of dementia and death due to 
iatrogenic Creutzfeldt-Jacob disease (CJD) were identified 
in Australia, France, and the UK, and were linked to the use 
of hPG and human pituitary growth hormone. As a conse- 
quence, hPG was banned from the market approximately 20 
years after its introduction [2, 3]. 


Gonadotropin Preparations Currently Available 
for Clinical Use 


Human Menopausal Gonadotropin 


hMG, or menotropin, was first extracted from the urine of 
postmenopausal women in 1949 [2]. Urine was originally 
obtained from an Italian nunnery, and early preparations 
contained varying amounts of FSH, LH, and hCG in only 
5% pure forms [3]. Improvements in the purification tech- 
niques standardized FSH and LH activities to 75 IU for each 
type of gonadotropin in 1963, as measured by standard in 
vivo bioassays (Steelman—Pohley assay). The first hMG 
preparation was registered in Italy in 1950, but clinical trials 
only started 10 years later [3]. hMG preparations have both 
FSH and LH activity, but the latter is primarily derived from 
the hCG component present in postmenopausal urine and 
concentrated during purification [2, 13, 14]. Sometimes hCG 
is added to achieve the desired amount of LH-like biological 
activity [2]. In 1999, purified hMG gonadotropins were in- 
troduced, allowing its subcutaneous (SC) administration [3, 
4]. At present, both conventional hMG and highly purified 
hMG (HP-hMG) are commercially available in a FSH:LH 
ratio of 1:1 [4]. 


Urinary FSH 


In the 1980s, pure urinary FSH preparations were produced 
by removing LH with polyclonal antibodies. The production 
process was essentially passive since LH was separated from 
the bulk material, and FSH, together with some other uri- 
nary proteins, was collected and lyophilized. Despite being 
a biologically purer urinary gonadotropin, urofollitropin, or 
purified urinary follicle-stimulating hormone (hFSH-P) still 


Table 28.3 Differences between hMG 
and FSH gonadotropin formulations 


hMG 

HP-hMG 
rec-hFSH 
Follitropin beta 
Follitropin alfa 


R. B. F. Leão and S. C. Esteves 


contained high amounts of urinary proteins [76]. Further 
technological advances made it possible to use highly spe- 
cific monoclonal antibodies to extract FSH and produce HP- 
hFSH. The latter became commercially available in 1993 
and is available to date. Such preparations contain <0.1 IU 
of LH and <5% of unidentified urinary proteins. FSH spe- 
cific activity is approximately 10,000 IU/mg protein com- 
pared to 100-150 IU/mg protein in the earlier urinary hMG 
preparations (Table 28.3). Likewise HP-hMG, the enhanced 
purity of HP-hFSH enabled SC delivery [3]. Subcutaneous 
gonadotropin administration represented an important gain 
for patients. Consistently better tolerability (lower pain at in- 
jection site) was reported with SC injections compared with 
the intramuscular route. More importantly, it allowed self- 
administration which is more convenient and less time-con- 
suming, as patients need fewer visits to the clinic or hospital 
for injections [77, 78]. 


Recombinant FSH Preparations 


Recombinant technology has met the need for a more reliable 
source of FSH. Under appropriate conditions, the genes cod- 
ing for the human FSH alpha subunit and betasubunit have 
been incorporated into the nuclear DNA of a host cell via 
a plasmid vector, using spliced DNA strings containing the 
FSH gene and segments of bacterial DNA [2, 3, 79]. Early 
recombinant technology focused on producing biological 
molecules in bacterial cells, usually Escherichia coli, as for 
insulin production. However, due to the complex structure 
of human gonadotropins and the need of post-translational 
glycosylation, which define the degradation time and bioac- 
tivity, production of functional FSH was not possible using 
prokaryotes. Certain mammalian cell lines have been other- 
wise used to produce recombinant complex proteins, includ- 
ing erythropoietin and gonadotropins. The Chinese hamster 
ovary (CHO) cell line has been chosen to produce gonado- 
tropins because it is genetically stable, fully characterized 
and easily transfected with foreign DNA. Furthermore, it 
can be grown in cell cultures on a large scale and produce 
adequate levels of biologically active rec-hFSH [2, 79]. 

In 1995, the first rec-hFSH (follitropin alfa) was licensed 
for clinical use in the European Union. One year later, a similar 


Purity (FSH Mean specific FSH LH activity Injected protein 
content) (%) activity (U/mg protein) (IU/vial) per 75 IU (mcg) 
<5 ~100 75 ~750 

<70 2000-2500 75 ~33 

>99 7000-10,000 0 8.1 

>99 13,645 0 6.1 


rec-hFSH recombinant human follicle-stimulating hormone, hMG human menopausal 
gonadotropin, HP-hMG highly purified human menopausal gonadotropin 
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rec-hFSH (follitropin beta) was made available [2]. In the 
manufacturing process of follitropin alfa, two separate vec- 
tors, one for each subunit, are used to build the master cell 
bank of FSH-producing cell line, unlike follitropin beta in 
which a single vector contains the coding sequences of both 
subunit genes [79, 80]. The subsequent production steps are 
similar for both preparations (Fig. 28.8). First, a working 
cell bank is established by growing cells from a single vial 
that contains identical cell preparations. An aliquot from the 
selected clone of CHO cells is grown in T-flasks, then sub- 
cultured into roller bottles and allowed to expand for up to 
36 days. The cells are then mixed with a suspension of mi- 
crocarrier beads and transferred to a bioreactor vessel with 
continuous culture media infusion for an average of 34 days. 
The cell culture supernatant medium, containing the proteins 
secreted by the cells, is collected from the bioreactor. The 
harvested “crude FSH” is stored at 48°C until purification 
[2]. Lastly, the protein is purified by chromatography, fol- 
lowed by ultrafiltration. The downstream purification pro- 
cess differs for the two commercially available recombinant 
FSH preparations. The follitropin beta process uses a series 
of anion and cation exchange chromatography steps, hydro- 
phobic chromatography and size exclusion chromatography. 
A similar series of chromatography steps are used in the pro- 


Fig. 28.8 Recombinant technol- 
ogy: how does it work? Chinese 
hamster ovary cells are first 
grown in T-flasks, then subcul- 
tured in roller bottles and allowed 
to expand for up to 36 days. 
Then, cells are mixed with a 
suspension of microcarrier beads 
and transferred to a bioreactor 
vessel perfused continuously with 
growth promoting medium for an 
average period of 34 days. The 
cell culture supernatant medium, 
containing “crude glycoprotein” 
is collected from the bioreactor 
and stored at 48°C until purifica- 
tion. The protein is purified by 
chromatography, followed by 
ultrafiltration. The final product 
is released after extensive quality 
control testing over a period of 
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duction of follitropin alfa, in addition to an immunoaffinity 
step with a specific monoclonal antibody that is similar to 
the one used in the production of HP-hFSH [2, 79]. Each 
purification step is rigorously controlled in order to ensure 
batch-to-batch consistency of the final purified product [2]. 
While the production of urine-derived gonadotropins is often 
performed in open, nonsterile environments, the production 
of rec-hFSH takes place in closed, sterile environments, such 
as the bioreactor. Both the production and the purification of 
rec-hFSH are subject to continuous quality control assess- 
ments, ensuring a pure, consistent and high-quality product 
[79]. These same concepts highlighted above are now used 
in the manufacturing process of other recombinant gonado- 
tropins including LH and hCG [2, 3]. 

Both recombinant FSH preparations are structurally simi- 
lar to native FSH. Despite being named follitropin alfa and 
follitropin beta, each one comprises alpha and beta glycopro- 
tein chains [3]. However, due to the slight differences in their 
production and purification procedures the preparations are 
not identical, with variations in posttranslational glycosyl- 
ation that result in different sialic acid residue compositions 
and different isoelectric coefficients [3, 81, 82]. Follitropins 
alfa and beta are similar to the native FSH isoforms found 
in the blood around mid-cycle (more basic isoforms), but 
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they differ slightly in the charge heterogeneity as follitropin 
alfa has slightly more acidic glycoforms than follitropin beta 
[58, 81]. Despite these differences, both preparations have 
equivalent immunopotency, in vitro biopotency and internal 
carbohydrate complexity. Immunoassay showed that initial 
and terminal half-lives after administration of 150 IU recom- 
binant FSH were 2 and 17 h, respectively. Given their intrin- 
sically similar structures, clinical efficacy is expected to be 
equally similar [3, 81, 83]. 


Long-Acting FSH Preparations 


Due to the relatively short half-life of FSH (about | day), 
daily FSH injections are needed during the stimulation period 
to prevent the drop of serum FSH levels below the threshold 
which cause follicular growth arrest [84]. After each injec- 
tion, peak serum FSH levels are reached within 10-12 h, and 
then FSH levels decline until the next injection. Steady state 
levels are reached only after 3—5 days of treatment, thus dose 
adjustments before day 5 of stimulation are not advised [85]. 

A number of technological approaches have been used to 
develop longer-acting FSH molecules, most of which have 
involved altering the structure of the FSH molecule itself 
[85]. Recently, a novel long-acting gonadotropin molecule 
has been developed by combining rec-hFSH with the C-ter- 
minal peptide of hCG using site-directed mutagenesis and 
gene transfer techniques. It is based on the principle that the 
highest half-life of hCG is given by the long carboxy ter- 
minal segment called C-terminal peptide (CTP) of the beta 
subunit. The hCG-CTP includes four additional O-linked 
carbohydrate side chains, each with two terminal sialic acid 
residues that confer long half-life to hCG [64, 86, 87]. The 
new molecule has been created using a chimeric gene con- 
taining the sequence encoding the CTP fused to the trans- 
lated sequence of the human FSH beta subunit. The chimera 
was then transfected with the common glycoprotein alpha 
subunit and expressed in CHO cells. It has been demonstrat- 
ed that the presence of the CTP sequence had no significant 
effect on the assembly or secretion of the intact dimer by sta- 
ble cell lines. The chimeric recombinant molecule has shown 


Table 28.4 Differences in LH 


Purity (LH 
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to have similar in vitro receptor binding and steroidogenic 
activity compared with wild-type FSH, but with significantly 
enhanced in vivo activity and plasma half-life [85, 88]. 

The generation of a new CHO cell line expressing the 
aforementioned FSH hybrid molecule has led to the devel- 
opment of corifollitropin alfa, which was launched in the 
market in 2010. Corifollitropin alfa is devoid of LH activity. 
As such, it interacts exclusively with FSH receptors and has 
a plasma half-life of 65 h [9, 88]. The optimal corifollitropin 
dose has been calculated to be 100 mcg for women with a 
body weight <60 kg and 150 mcg for women with a body 
weight >60 kg. From phase II and III studies, it was con- 
cluded that a single injection of corifollitropin alfa would 
replace the first seven daily injections of standard gonado- 
tropins, and that stimulation could be continued with daily 
FSH injections until the final oocyte maturation had been 
reached [89]. As the aim of corifollitropin alfa is to sim- 
plify treatment and reduce burden associated with multiple 
injections, it has been developed to be used in GnRH antago- 
nist cycles [85]. 


Gonadotropin Preparations Containing 
LH Activity 


Currently, there are three groups of commercially available 
gonadotropin preparations containing LH activity, that is, 
(i) urinary hMG, in which LH activity is dependent on hCG 
rather than on pure LH glycoprotein, (ii) pure LH glycopro- 
tein produced by recombinant technology (lutropin alfa), and 
(iii) a combination of pure FSH and LH glycoproteins in a 
fixed ratio of 2:1 also manufactured by recombinant technol- 
ogy (Table 28.4; [3]). 

While hMG has been used for ovarian stimulation since 
1960, rec-hLH (lutropin alfa) was introduced in the mar- 
ket in the year 2000 for use in women with gonadotropin 
insufficiency. The manufacturing process of rec-hLH is sim- 
ilar to rec-hFSH. Lutropin alfa is highly pure and has high- 
biological activity (9000 IU/mg protein; [3]). It is intended 
to be used subcutaneously in daily injections. Up to date, 
lutropin alfa is the only recombinant form of human LH 


FSH activity LH activity hCG content Specific activity 


activity of gonadotropins commer- content) (IU/ial) — (IU/ial)  (IU/vial) (LH/mg protein) 
cially available - 
Lutropin alfa >99 % 0 75 = 9,000 
Follitropin alfa + >99% 150 75 = 9,000 
lutropin alfa 2:1 
HP-hMG Unknown? 75 137 ~8 = 


1 pg of lutropin alfa=22 IU 

HP-hMG highly purified human menopausal gonadotropin 

è derives primarily from the hCG component, which preferentially is concentrated during the 
purification process and sometimes was added to achieve the desired amount of LH-like bio- 


logical activity 
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developed for use in ovarian stimulation. It is presented in 
vials of 82.5 IU lyophilized pure glycoprotein powder to 
be reconstituted with diluent before administration using a 
conventional syringe and needle (75 IU of lutropin alfa is 
delivered per vial) [90]. 

At present, rec-hLH is used not only to support follicular 
development during COS in hypogonadotropic hypogonadic 
woman but also in other categories of female infertility [2, 
91, 92]. Recombinant LH has three major differences com- 
pared to urinary products. First, it has higher purity and spe- 
cific activity because it is manufactured using recombinant 
technology. Second, it is associated with better dose preci- 
sion due to FbM technology that virtually eliminates batch- 
to-batch variation and will be discussed later in this chapter 
[2, 6, 93]. Third, LH activity is derived directly from pure 
LH glycoprotein unlike hMG, in which hCG is concentrated 
during purification or added to achieve the desired amount 
of LH-like biological activity [2]. LH and hCG differ in the 
composition of their carbohydrate moieties which, in turn, 
affect bioactivity and half-life. As mentioned earlier, LH ac- 
tivity in serum is 30 times higher when hCG is used due to 
its higher binding affinity to LH receptors. After administra- 
tion, recombinant human LH is eliminated with a terminal 
half-life of 9-12 h in contrast to 23—31 h of hCG [64, 94]. 
It has been shown that the expression of LH/hCG receptor 
gene, as well as genes involved in the biosynthesis of cho- 
lesterol and steroids in granulosa cells, are lower in patients 
treated with hMG preparations [95]. Such effects are caused 
by a constant ligand exposure during the follicular phase due 
to longer half-life and higher binding affinity of hCG com- 
pared with rec-hLH. In animal models, down-regulation of 
LH receptors is maintained for up to 48 h after hMG ad- 
ministration [96]. These findings indicate that the GCs have 
lower LH-induced cholesterol uptake, a decrease in the novo 
cholesterol synthesis and a decrease in steroid synthesis, thus 
explaining the observed lower serum progesterone levels 
achieved in patients treated with hMG [95, 97]. The clinical 
implications of these findings, however, have not been fully 
elucidated [98]. 

In 2007, a new fixed combination of rec-hFSH and rec- 
hLH at 2:1 ratio was launched (follitropin alfa + lutropin 
alfa) as an alternative for those women who need LH supple- 
mentation [8]. The 2:1 ratio of FSH and LH in a fixed dose 
combination was obtained by recombinant technology and 
vial filling using protein mass (FbM). The use of FbM as 
opposed of filled-by-bioassay was possible because the spe- 
cific activity, isoform distribution and sialylation profile of 
both gonadotropins are highly consistent among manufac- 
tured batches [6]. The bioequivalence of rec-hFSH and rec- 
hLH administrated alone or in combination has been similar 
[8, 99]. 
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Human Chorionic Gonadotropin Preparations 


During controlled ovarian stimulation, hCG administration 
has been the gold standard for ovulation induction as a sur- 
rogate for the mid-cycle LH surge for several decades [100]. 
Due to structural and biological similarities, hCG and LH 
bind to and activate the same LH/hCG receptor [101]. How- 
ever, the half-life of hCG is much longer than LH, and serum 
LH activity of hCG is 30 times higher than LH. Therefore, 
the luteotropic activity of hCG exerts is markedly higher 
than LH [94, 102]. After hCG administration, approximately 
36 h is required for completion of the meiotic process. In 
the absence of oocyte retrieval, ovulation will ensue approxi- 
mately 4 h later [103]. 

The first chorionic gonadotropin preparations were de- 
veloped in 1931 from urine of pregnant women. At present, 
preparations of urinary hCG are marketed in lyophilized 
vials of 5000 or 10,000 IU to be used intramuscularly. Al- 
though improvements have been achieved in the purification 
process of urinary hCG, with highly purified presentations 
being introduced in 1976, urinary hCG is nowadays not rec- 
ommended for subcutaneous administration. In 2001, hCG 
preparations using recombinant technology were launched 
(choriogonadotropin alfa). Recombinant hCG is available in 
prefilled syringes containing 250 mcg of pure hCG, which 
is equivalent to approximately 6750 IU of urinary hCG [3]. 
Recently, a new prefilled pen device has been introduced for 
administration of rec-hCG. Besides the benefits of higher 
purity, rec-hCG enables subcutaneous administration, unlike 
urinary hCG which requires intramuscular administration. 
Recombinant hCG is thus better tolerated and allows patient 
self-administration [104]. Nevertheless, the clinical efficacy 
of both urinary and recombinant preparations to induce final 
follicular maturation and resumption of oocyte meiosis does 
not seem to differ [105]. In a Cochrane meta-analysis includ- 
ing 11 randomized controlled trials (RCT) with a total of 
1187 women, Youssef et al. compared rec-hCG versus uri- 
nary hCG for final oocyte maturation triggering in GnRH 
agonist down-regulated cycles for in vitro fertilization/in- 
tracytoplasmatic sperm injection (IVF/ICSI). There was no 
evidence of a statistically significant difference between rec- 
hCG and urinary regarding ongoing pregnancy/live birth rate 
(6 RCTs: odds ratio [OR] =1.04, 95% confidence interval 
[CI]: 0.79 to 1.37; P=0%), incidence of ovarian hyperstim- 
ulation syndrome (OHSS; 3 RCTs: OR=1.5, 95% CI: 0.37 
to 4.1; P=0%) and number of retrieved oocytes (9 RCTs: 
Mean difference =—0.04, 95% CI: —0.69 to 0.62; 2 =18%; 
[105]). 

A list of gonadotropin preparations currently available for 
clinical use is provided in Table 28.5. 
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Table 28.5 List of gonadotropins available for clinical use 


R. B. F. Leão and S. C. Esteves 


Product Technology Brand name Manufacturer 
hMG Urine-derived Menogon®; Repronex® Ferring 
HP-hMG Urine-derived Menopur® Ferring 
Merional® IBSA 
HP-hFSH Urine-derived Fostimon® IBSA 
Bravelle® Ferring 
Fertinex® Serono 
u-hCG Urine-derived Choragon® Ferring 
Brevactid® Ferring 
Choriomon®, Gonasi HP® IBSA 
A.P.L® Wyeth 
Biogonadyl® Biomed-Lublin 
Primogonyl® Schering 
Profasi® Serono 
Pregnyl®; Predalon® Organon 
Endocorion® Elea 
Corion® Win-Medicare 
rec-hFSH (follitropin beta) Recombinant Puregon®; Follistim® MSD 
rec-hFSH (follitropin alfa) Recombinant GONAL-f® MerckSerono 
long-acting FSH (corifollitropin alfa) Recombinant Elonva® Schering-Plough 
rec-hLH (lutropin alfa) Recombinant Luveris® MerckSerono 
rec-hFSH + rec-hLH 2:1 (follitropin alfa + lutropin alfa) Recombinant Pergoveris® MerckSerono 
rec-hCG Recombinant Ovidrel®; Ovitrelle®; Ovidrelle® MerckSerono 


AMG human menopausal gonadotropin, HP-hMG highly purified human menopausal gonadotropin, u-hCG urinary hCG, rec-hF SH recombinant 
human follicle-stimulating hormone, rec-hLH recombinant LH, rec-hCG recombinant hCG 


Quality and Safety Profile of Urinary 
and Recombinant Gonadotropins 


Urine-derived gonadotropins require large amounts of 
human urine as a primary source for manufacturing. In the 
1960s and 1970s, when the demand for gonadotropins was 
still low, most urine was collected in Italy and the Nether- 
lands, and the quality of the source material was somehow 
controlled. However, the development of new clinical indi- 
cations for gonadotropins combined with the expansion of 
infertility treatment on a worldwide basis led to a rapid in- 
crease in demand. Urine collection was expanded to coun- 
tries such as Spain, China, Brazil, and Argentina. As the de- 
mand for gonadotropins began to rise exponentially in the 
1980s, the ability to control the source material became more 
difficult. Unlike blood collection, human urine collection 
is not subject to specific regulations regarding collection. 
Moreover, urine is collected at home from tens of thousands 
of individual donors and pooled. A medical questionnaire is 
usually the only source of health information. Because urine 
is pooled, the donor source cannot be traced. As the pool is 
constantly changing, standardization is difficult to ascertain. 
Transportation (from urine collection sites to processing fa- 
cility) is poorly monitored and therefore quality cannot be 
checked throughout all manufacturing steps [76, 106, 107]. 
Although sophisticated purification techniques are cur- 
rently available, which allow the safe clinical use of urinary 
formulations, extraneous urinary proteins may account for 


more than 30% of the protein content in highly purified 
hMG products, as demonstrated by high-performance liq- 
uid chromatography analysis (Table 28.3; [93]). Following 
two-dimensional sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and mass spectrometry 
protein identification, a total of 23 non-gonadotropin-related 
proteins have been identified at variable levels in different 
batches of the urine-derived preparations [107]. In other stud- 
ies, two-dimensional gel analysis demonstrated that protein 
impurities were composed of leukocyte elastase inhibitor, 
protein C inhibitor and zinc-a.,-glycoprotein. These proteins 
are involved in receptor activity, immune response, protein 
metabolism, and cell growth. Tumor necrosis factor-binding 
protein I, transferrin and immunoglobulin-related proteins 
were also present in both hMG and urinary FSH prepara- 
tions. Lastly, recent data has shown that some of these impu- 
rities are prion proteins, which are a matter of great concern 
for health regulatory agencies because of their association 
with transmissible spongiform encephalopathy (TSE) dis- 
eases [108]. A prion is a mis-folded isoform of a normal cel- 
lular protein found in the brain (PrPc). When a prion comes 
into contact with another normal version of this protein, it in- 
duces the normal protein to adopt the mis-folded shape. The 
body is unable to recognize and break down the abnormally 
folded protein. As a result, prions accumulate in the central 
nervous system, interfering with normal brain function. Con- 
version of PrPc into the abnormal form can occur spontane- 
ously or following infection. Abnormal prions include PrPsc, 
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the protein associated with scrapie, and PrPres, the protein 
resistant to enzyme degradation found in patients with CJD 
[109]. Inactivation of prions in urine-derived material may 
denature proteins, including FSH. For instance, urea, a com- 
monly used denaturant, destroys the dimeric structure of pro- 
teins. This is one reason why urine-derived gonadotropins 
cannot be as pure as recombinant ones. Cross-contamination 
is another concern in urine-derived products. A rogue ele- 
ment in one individual donation of urine may spread through 
a complete batch and potentially cause problems in the final 
product. Quality control is only possible through the strin- 
gent donor collection, transportation, and production. In fact, 
several regulatory agencies have set limitations to urine- 
derived products [76, 106]. 

Although the clinical significance of most protein con- 
tamination from urinary gonadotropins is unknown, it is 
certain that these contaminants are not needed to induce op- 
timal follicle development. More importantly, these findings 
underscore the poor quality of urinary sources and stress the 
need for more reliable proteins [76, 106]. Many of the risks 
associated with biologically extracted proteins are avoided 
when the protein is produced synthetically. This is the case 
with recombinant preparations, which contain pure glyco- 
protein as demonstrated by SDS-PAGE and western blot 
analysis [110]. 

Given its high purity, each product batch of recombinant 
gonadotropin is routinely characterized and controlled using 
physicochemical techniques, including size exclusion high 
performance liquid chromatography (SE-HPLC), which al- 
lows assessment of both the integrity and the amount of gly- 
coproteins; and isoelectric focusing (IEF) and glycan map- 
ping, which characterize protein glycoforms present in each 
preparation [111, 112]. 


Quantification and Filling Method of Urinary 
and Recombinant Gonadotropins 


The conventional method used to quantify the glycoprotein 
activity in gonadotropin products is the Steelman—Pohley 
assay, which is an in vivo rat bioassay. As well as being 
costly and subject to ethical concerns related to the use of 
animals, this technique has an inherent variability of up to 
20% [6, 113]. In 2003, Driebergen and Baer demonstrated 
the batch-to-batch consistency of follitropin alfa in terms of 
specific activity, isoform pattern and sialylation profile. The 
authors showed that there was a constant relationship be- 
tween FSH mass and its biological activity. Following these 
observations, a new method was developed to calibrate each 
batch of follitropin alfa using SE-HPLC, which measures 
glycoprotein content by protein mass [6]. This technique has 
enabled follitropin alfa to be filled and released on the basis 
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of mass (75 IU of FSH assessed by the Steelman-Pohley 
assay corresponds to between 5.0 and 5.5 ug of follitropin 
alfa), with dose variability of only 2 % [3, 6]. Follitropin alfa 
FbM was commercially available in 2004 and has progres- 
sively replaced follitropin alfa filled-by-bioassay [7]. To en- 
sure an optimal response to controlled ovarian stimulation, it 
is essential that the FSH dose administered is accurate. If the 
FSH dose is too low, the ovaries will not be sufficiently stim- 
ulated and the cycle may be cancelled. On the other hand, 
if the dose is too high, the ovaries may be over stimulated, 
what may increase the risks of OHSS. In this sense, the FoM 
method seems to be advantageous over in vivo bioassyas to 
reduce the fluctuations among gonadotropin batches and the 
risks associated with poorly controlled dose precision [3, 4]. 


Route of Administration and Injection Devices 
of Gonadotropin Preparations 


The pharmaceutical presentation of urinary gonadotropins 
consists of a freeze-dried lyosphere containing either 75 IU 
of FSH/hMG or 5000/10,000 IU of hCG that have to be 
dissolved in sterile water before injection [4]. Intramuscu- 
lar administration is the route of choice for most urinary 
gonadotropins. Nevertheless, the higher the gonadotropin 
purity the higher its specific activity, and therefore less ma- 
terial has to be injected to achieve its desired effect. Such 
characteristics made it possible to apply highly purified 
urine-derived gonadotropins as well as recombinant ones 
subcutaneously and in small volumes (Table 28.3; [93]). 
Moreover, given the highest specific activity of recombi- 
nant gonadotropins, novel injection devices have been de- 
veloped. In 2001, follitropin beta has been made available 
as a ready-to-use solution with a cartridge presentation for 
administration with a pen device [78]. This injector was an 
adapted insulin pen, which has been better accepted by diabe- 
tes patients in comparison with conventional syringes [114, 
115]. Importantly, the injector was reusable and allowed fol- 
litropin beta self-administration in precise individualized 
dosing ranging from 25 to 450 IU [78]. Earlier studies have 
shown that drug delivery by pen devices was bioequivalent 
to those of conventional syringe injections. However, due to 
unavoidable losses during syringe filling and/or removing 
excess air, 18% of the FSH amount was lost in conventional 
syringe application when compared to a ready-for-use solu- 
tion with a pen device [78]. This finding may explain the 
results of a RCT including 200 patients, in which delivery 
of follitropin beta using a pen device was compared with 
delivery of follitropin alfa using conventional syringe. The 
authors of this aforementioned study noted that the group of 
patients receiving the medication by pen injector needed sig- 
nificantly lower amount of rec-hFSH (p<0.01) to promote 
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follicular development and had shorter duration of stimula- 
tion (p=0.001). Additionally, the overall patient satisfaction 
was significantly better (p<0.001) whereas pain complaint 
at the injection site was significantly decreased (p=0.027) 
in the follitropin beta/pen group compared with the follitro- 
pin alfa/syringe group [78]. These results corroborate the 
findings of an earlier RCT with 60 women in which pain 
complaint was significantly lower when follitropin beta was 
administered by a pen device compared with when follitro- 
pin alfa was administered with a conventional syringe. It 
should be noted that a microneedle was used to inject FSH 
in very small volumes of fluid in the pen group compared 
with tuberculin needles and larger volume in conventional 
injections [116]. 

With the availability of FbM technology, a novel pre- 
filled pen device was introduced in 2004 for follitropin 
alfa. Unlike the follitropin beta device that used follitropin 
beta filled-by-bioassay, it was a disposable prefilled injec- 
tor that provided precise and accurate dosing with mini- 
mal batch-to-batch variability and enabling FSH dosing in 
relatively small increments of 37.5 UI [6, 93]. In a RCT 
including 100 women, the efficacy, convenience and local 
reactions after the administration of follitropin alfa were 
compared either using the pen device or the conventional 
syringe. Outcomes including self-administration and pa- 
tient satisfaction (p<0.001), the overall incidence of local 
reactions (p=0.047), overall pain score (p<0.001), and 
burning sensation at the injection site (p=0.041) clearly 
favored the pen device group [117]. Later, in 2007, patients 
and their partners received nurse-led training on three go- 
nadotropin presentations: (i) powdered urofollitropin with 
conventional needles and syringes for administration, (ii) 
follitropin beta in a premixed and prefilled cartridge with 
a reusable injection device, and (iii) follitropin alfa in a 
disposable, premixed and prefilled injection device. A total 
of 123 participants attended the training and were asked 
to complete a post-training questionnaire. More partici- 
pants expressed a preference for using pen injectors com- 
pared with conventional syringes (84.6% versus 5.7%; 
p<0.0001). Of the 94 participants who preferred a particu- 
lar device, more preferred the follitropin alfa prefilled pen 
(68.1 %) than the follitropin beta cartridge and pen (24.5 %; 
p<0.0001) or urofollitropin with needle-free reconstitution 
device and conventional syringe (7.4%; p< 0.0001; [118]). 

Recently in 2011, a new family of pen devices has been 
approved in the European Union, Canada, and Australia, 
which include follitropin alfa, lutropin alfa, and chorigo- 
nadotropin alfa [10, 11]. In conclusion, the introduction of 
recombinant technology, filling method by mass, and pen 
devices for gonadotropin administration represented an im- 
portant advancement to make infertility treatments more 
patient-friendly ([78, 116, 117]; Fig. 28.9). 
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Studies on the Clinical Efficacy 
of Gonadotropins 


Meta-Analyses Comparing Urinary and 
Recombinant Gonadotropins Used for COS 
in Assisted Reproductive Technology (ART) 


A number of meta-analyses have compared the efficacy of 
different gonadotropin products, with conflicting results 
(Table 28.6; [119-122]). Coomarasamy et al., including 
seven randomized trials and 2159 women, compared hMG 
versus rec-hFSH following a long down-regulation protocol 
in IVF/ICSI cycles. The authors found that hMG prepara- 
tions yielded a significantly higher clinical pregnancy (rela- 
tive risk [RR]=1.17, 95% CI: 1.03 to 1.34) and live birth rate 
(RR=1.18, 95% CI: 1.02 to 1.38; p=0.03). No significant 
differences were noted for spontaneous abortion, multiple 
pregnancy, cycle cancellation and OHSS rates. The observed 
difference represented a 4% increase in live birth rate with 
hMG when compared with rec-hFSH. However, the lower 
confidence interval limit has been just 1% [119]. In 2009, 
Al-Inany et al. pooled six randomized trials including 2371 
participants and compared HP-hMG versus rec-hFSH. The 
authors could not find a difference between gonadotropin 
preparations in either clinical pregnancy or ongoing pregnan- 
cy/live birth rate. However, after grouping the treatment cycles 
by method, the ongoing pregnancy/live birth rate favored the 
HP-hMG group (OR=1.31, 95% CI: 1.02 to 1.68; p=0.03; 
[120]). Like the meta-analytic study of Coomarasamy et al., 
the lower confidence interval limit was below 1% [119, 120]. 

In 2010, Jee et al. compared HP-hMG and follitropin 
alfa by pooling five prospective RCTs (n=2299), and found 
no difference in ongoing pregnancy rate per started cycle 
(RR=1.10; 95% CI: 0.96 to 1.26) or per embryo transfer 
(RR=1.13; 95% CI: 0.99 to 1.29), as well as in the live birth 
rates per embryo transfer (RR= 1.14; 95% CI: 0.98 to 1.33; 
[122]). In a meta-analysis of Van Wely et al., including 28 
trials and 7339 couples, FSH (both urinary and recombinant) 
was compared to hMG. Overall, the authors have not ob- 
served any differences in live birth or OHSS rates. Compar- 
ing only hMG/HP-hMG to rec-hFSH, however, significantly 
fewer clinical pregnancies (OR =0.85; 95 % CI: 0.74 to 0.99; 
?=0%; 12 trials, 2=3775; p=0.03) and live births/ongoing 
pregnancies (OR=0.84; 95% CI: 0.72 to 0.99; P=0%; 11 
trials, 2=3197; p=0.04) were obtained with rec-hFSH com- 
pared to hMG. Subgroup analyses grouping the treatment 
cycles by an individual sponsor suggested that live birth and 
clinical pregnancy favored hMG in trials sponsored by hMG 
manufacturers. However, further analysis of hMG-sponsored 
trials and non-sponsored trials revealed comparable sum- 
mary OR and confidence intervals that overlapped. Hence, 
though a bias could not be completely ruled out, its effect on 
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Fig. 28.9 Historical evolution of gonadotropins. FSH was originally 
derived from animal (pregnant mare serum) or human (postmortem pi- 
tuitary glands) sources, but these preparations were abandoned because 
of safety concerns. Gonadotropins were first extracted from urine in the 
1940s; human chorionic gonadotropin (ACG) in 1940 and then human 
menopausal gonadotropin (AMG) in 1949. Over a decade later, the first 
urinary forms of hCG and hMG became commercially available. Further 
improvements in purification methods led to the production of follicle- 
stimulating hormone (FSH)-only products in the 1980s, and the subse- 
quent development of highly purified FSH (HP-hF SH), which became 


available 10 years later, in 1993, allowing the use of subcutaneous injec- 
tions. In the 1970s and 1980s, advances in DNA technology enabled the 
development of recombinant human FSH (rec-hFSH), which became 
commercially available in 1995. In 2000, recombinant human luteiniz- 
ing hormone (rec-hLH) became available and, with the launch of recom- 
binant human hCG (rec-hCG) in 2001, the complete recombinant go- 
nadotropin portfolio was available. The most recent developments have 
been the introduction of filled-by-mass (FbM) follitropin alfa formula- 
tion, fixed combination of follitropin alfa + lutropin alfa, long-acting 
FSH gonadotropin, and a new family of prefilled pen injector devices 


Table 28.6 Meta-analyses comparing pregnancy rates in ART cycles using urinary and recombinant gonadotropins 


Number of 
RCTs included 


rec-hFSH vs. hMG 7 


Authors Year Gonadotropins 


Coomarasamy et al. 2008 


Al Inany et al. 2009 rec-hFSH vs. hMG/ 6 
HP-hMG 

Jee et al. 2010  rec-hFSH vs. 5 
HP-hMG 

Van Wely et al. 2010  rec-hFSH vs. hFSH- 28 
P/HP-hFSH/hMG/ 
HP-hMG 

Van Wely et al. 2012  rec-hFSH vs. hMG/ 12 
HP-hMG 

Gerli et al. 2013 rec-hFSH vs. 8 


hFSH-P/HP-hFSH 


Number of Conclusions 

participants 

2159 Higher clinical pregnancy and live birth rates when hMG 
was used for COS; No significant differences in sponta- 
neous abortion, multiple pregnancy, cycle cancellation 
and OHSS rates 

2371 No significant differences in clinical, ongoing pregnancy 
or live birth rates 

2299 No significant differences in ongoing pregnancy and live 
birth rates 

7339 Insufficient evidence of a difference in the odds of clini- 
cal pregnancy, live birth or OHSS 

3197 Fewer clinical pregnancies and live birth with rec-hFSH 

955 No significant differences in the number of oocytes 


retrieved, number of mature oocytes, days of stimulation, 
clinical pregnancy and live birth rate 


RCT randomized controlled trial, rec-hFSH recombinant human follicle-stimulating hormone, AMG human menopausal gonadotropin, HP-hMG 
highly purified human menopausal gonadotropin, hF SH-P purified urinary follicle-stimulating hormone, HP-AF'SH highly purified urinary folli- 
cle-stimulating hormone, COS controlled ovarian stimulation, OHSS ovarian hyperstimulation syndrome 
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the outcomes appeared to be limited [121]. Lastly, in 2013, 
Geri et al. compared HP-hFSH and rec-hFSH by including 
six trials involving 955 participants. The authors found no 
difference in live birth rates (OR =0.84; 95 % CI: 0.63-1.11), 
clinical pregnancy rate (OR=0.85, 95% CI: 0.68 to 1.07), 
number of oocytes retrieved, number of mature oocytes and 
duration of stimulation between urinary and recombinant 
preparations, but the cost-effectiveness ratio favored urinary 
FSH (€ 2056 vs. 7174; [123]). 

In conclusion, it appears that the available gonadotropins 
have comparable clinical efficacy [121]. For an estimated 
live birth rate of 25 %, the use of rec-hFSH rather than hMG 
would result in a live birth rate between 19 and 25% [124]. 
It should be noted, however, that none of these studies have 
stratified patients according to the need of LH supplementa- 
tion during COS. As such, results tend to favor hMG/HP- 
hMG preparations since rec-hFSH shows exclusively FSH 
activity, and recent evidence indicates that a subset of women 
clearly benefit by LH supplementation during COS [93]. 


Studies Comparing the Potency of Different 
Gonadotropin Formulations 


Hompes et al., in a randomized controlled trial, compared 
312 IVF/ICSI cycles with HP-hMG and 317 using rec- 
hFSH, all of them associated with a GnRH agonist for 
pituitary suppression. The authors showed that significantly 
more oocytes were retrieved in the group of patients treated 
with rec-hFSH (7.8 and 10.6, respectively; p<0.001), with 
no differences in pregnancy rates [125]. In another RCT 
involving 280 women, Bosch et al. compared the aforemen- 
tioned gonadotropins in association with GnRH antagonists. 
A significantly higher number of oocytes was obtained 
from patients who received rec-hFSH compared with hMG 
(14.4+8.1 vs. 11.3+6.0, respectively; p<0.001). No signif- 
icant differences were observed in the ongoing pregnancy 
rate per started cycle (35.0 vs. 32.1%, respectively; RR 
=1.09; 95% CI: 0.78-1.51; risk difference [RD]=2.9%; 
[97]). Recently, Devroey et al. in another RCT involv- 
ing more than 700 patients compared HP-hMG (n=374) 
with rec-hFSH (n=375) in antagonist cycles with single 
blastocyst transfer. Again, more oocytes were retrieved in 
the group treated with rec-hFSH (10.6+5.8 vs. 9.15.2; 
p<0.001), and ongoing pregnancy and live birth rates did 
not differ [126]. 

Recently, we examined the clinical efficacy of different 
gonadotropin products for ovarian stimulation in one of the 
largest observational studies to date. In this study, we com- 
pared follitropin alfa FbM (n=236), hMG (n=299), and 
HP-hMG (n=330) in normogonadotropic down-regulated 
women undergoing ICSI. Overall, women who received the 
different gonadotropin preparations achieved comparable 
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pregnancy results. The clinical pregnancy rate per initiated 
cycle was 34.7, 35.5, and 40% for rec-hFSH, hMG, and 
HP-hMG, respectively while the live birth rate per initiated 
cycle was 30.1, 24.4, and 32.4%, respectively. However, 
the total dose of gonadotropin used for ovarian stimula- 
tion was significantly lower in the group of women who re- 
ceived rec-hFSH (2268+747 IU) compared with those who 
received hMG (2685+720 IU) or HP-hMG (2903 +867 IU; 
p<0.001). The difference in favor of rec-hFSH was also re- 
flected in the amount of gonadotropin needed per live birth. 
Significantly less rec-hFSH was required compared with 
hMG (52% reduction) and HP-hMG (21 % reduction). One 
practical implication of the marked difference in the amount 
of gonadotropin per live birth is that it neutralizes part of the 
cost difference between rec-hFSH and hMG preparations. In 
this retrospective cohort study, we observed that it was far 
more common for clinicians to step down the dose of rec- 
hFSH compared with hMG preparations [4]. 

In summary, there is fair evidence to support the concept 
that recombinant FSH is more potent than hMG. 


Studies Comparing Follitropin Alfa 
and Follitropin Beta 


Four studies directly compared the two forms of recombi- 
nant FSH formulations, follitropin alfa and follitropin beta, 
in women undergoing COS under pituitary GnRH agonist 
suppression for IVF (Table 28.7; [127—130]). Tupalla et al. 
evaluated 344 women in a double-blind RCT and found that 
pregnancy rates per cycle did not differ between follitropin 
alfa (33.5%) and follitropin beta (32.9%) groups. In addi- 
tion, the authors of the aforementioned study did not find any 
differences in the number of oocytes retrieved, fertilization 
rate, cleavage rate, and incidence of OHSS [127]. Birsden et 
al., in an assessor-blind RCT involving 44 women, compared 
the same formulations and found higher clinical pregnancy 
rates with the use of follitropin alfa (31.8%) compared with 
follitropin beta (18.2%), albeit nonstatistically significant. 
In this study, no differences were observed in the cumula- 
tive dose of FSH, duration of ovarian stimulation, number 
of follicles > 14 mm on the day of hCG, number of oocytes 
retrieved, number of viable embryos and incidence of sys- 
temic adverse events. However, the authors reported that 
local reactions at the injection site were more often observed 
with the use of follitropin beta (28%) than with follitropin 
alfa (17.5%; p<0.05; [128]). Harlin et al., in another pro- 
spective study including 296 IVF cycles, reported similar 
pregnancy rates per transfer with follitropin alfa (29.1%) 
and beta (28.1%). No differences were found in the endome- 
trial thickness, estradiol levels, number of follicles > 15 mm 
on the day of hCG as well as in the number of oocytes re- 
trieved, fertilized, and cleaved. Of note, serum progesterone 


28 Gonadotropin in Assisted Reproduction: An Evolution Perspective 


311 


Table 28.7 Prospective-designed in vitro fertilization (IVF) trials comparing follitropin alfa and follitropin beta in terms of clinical efficacy 


and safety 
Authors, year 
Tuppala et al., 1999 


Number of participants 
344 


Main findings 


OHSS rates 
Brinsden et al., 2000 44 


No differences in number of oocytes, fertilization rate, cleavage rate, clinical pregnancy and 


No differences in cumulative dose of FSH, duration of ovarian stimulation, number of fol- 


licles > 14 mm on the day of hCG, number of oocytes retrieved, number of viable embryos, 
clinical pregnancy rate, and incidence of systemic adverse events; 
Significantly more local reactions at the injection site with follitropin beta compared with 


follitropin alfa 


Harlim et al., 2000 396 


No differences in endometrial thickness, estradiol levels, number of 


>15 mm follicles on the day of hCG, number of retrieved oocytes, number of fertilized 
oocytes, number of cleaved embryos, and clinical pregnancy rate; 
Lower serum progesterone levels on oocyte retrieval day in cycles stimulated with follitropin 


beta 
Harlim et al., 2002 812 


rates; 


No differences in endometrial thickness, estradiol levels on hCG day, pregnancy and delivery 


Significantly higher total dose of FSH, lower number of treatment days, higher number of 
fertilized oocytes and cleaved embryos, and higher levels of progesterone on oocyte retrieval 
day with the use of follitropin alfa 


levels on the day of oocyte retrieval were lower in the fol- 
litropin beta group (30.3+1.8 nmol/L) compared with the 
follitropin alfa group (37.7+1.5 nmol/L; p=0.005; [129]). 
Subsequently, the same group of authors conducted an open, 
semi-randomized trial evaluating 812 initiated cycles. De- 
spite using higher gonadotropin total dose (2233+45 IU vs. 
2090+52 IU; p<0.05), the group of women that received 
follitropin alfa had shorter treatment duration (11.8+0.11 
vs. 12.5+0.18 days; p<0.005) and higher number of fertil- 
ized oocytes (4.940.15 vs. 4.3+0.17; p<0.05) as well as 
cleaved zygotes (4.7+0.14 vs. 4.1+0.16; p<0.01). In the 
aforementioned study, neither the number of retrieved oo- 
cytes (7.3+0.19 vs. 7.00.22) nor the clinical pregnancy (26 
vs. 28 %) and delivery rates (22 % vs. 22%) differed between 
the follitropin alfa and the beta groups, respectively. Further- 
more, no differences were found in endometrial thickness 
and estradiol levels on the day of hCG, but the serum pro- 
gesterone levels on the day of oocyte retrieval were lower 
with follitropin beta (29.1+0.95 nmol/L) than follitropin alfa 
(35.340.98 nmol/L; p<0.001; [130]). It should be noted, 
however, that all mentioned studies were performed before 
the introduction of FbM technology and novel injector de- 
vices by the manufacturer of follitropin alfa [6]. 


Recombinant Gonadotropins Filled-by-Mass 
and Filled-by-Bioassay 


A meta-analysis including four RCTs involving 1055 women 
and two case-control studies with 272 patients have com- 
pared the efficacy and safety of ovarian stimulation using 
follitropin alfa FbM compared with follitropin alfa filled 
by bioassay. The average rec-hFSH dose per patient was 


lessened by 230 IU with the administration of follitropin 
alfa FoM compared with the one filled-by-bioassay (Weight- 
ed mean difference [WMD]=— 230.3; 95% CI: —326 to 
— 134.5; p<0.001), and the number of treatment days was 
reduced by 0.48 (WMD=~— 0.48; 95% CI: —0.69 to —0.27, 
p<0.001). In addition, the peak levels of estradiol on the 
day of hCG administration (WMD=613.1 pmol/L; 95 % CI: 
142.4 to 1083.7 pmol/L; p=0.01), number of oocytes re- 
trieved (WMD=0.84; 95% CI: 0.18 to 1.51; p<0.013) and 
number of embryos obtained (WMD = 0.88; 95 % CI: 0.40 to 
1.37; p<0.001) were higher in the patients undergoing ovar- 
ian stimulation with follitropin alfa FoM. However, statis- 
tically significant differences were not observed in clinical 
pregnancy (OR =1.3; 95% CI: 0.91 to 1.82) and ovarian hy- 
perstimulation syndrome (OR =0.78; 95 % CI: 0.45 to 1.36) 
rates between the two groups [131]. 

Recently, a prospective study compared eleven egg do- 
nors in two different cycles in which the same dose (150- 
225 IU) of follitropin alfa was used. In one cycle patients 
received follitropin alfa FoM whereas in the other the filled- 
by-assay presentation was administered. No differences 
were demonstrated regarding the duration of ovarian stimu- 
lation (9.9+ 1.6 and 10.1+1.2 days, respectively), total dose 
of follitropin alfa used (2464+966 and 2345+858 IU), es- 
tradiol peak levels (2405+568 and 3123+ 1165 pg/mL), and 
number of developed blastocysts (5.1+3.0 and 5.43.1). 
Significantly higher number of follicles > 14 mm (17.9+5.7) 
and number of oocytes retrieved (23.8+8.7) have been ob- 
tained in the group of patients treated with follitropin alfa 
FbM compared with the group treated with rec-hFSH filled- 
by-bioassay (13.2+3.7 follicles, p=0.004; 17.1 +8.5 oocytes 
retrieved, p=0.01; [7]). 
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Long-Acting and Conventional rec-hFSH 


A recent meta-analysis of four pharmaceutical industry- 
sponsored RCTs including 2377 participants evaluated the 
effectiveness, safety, and tolerance of corifollitropin alfa 
compared with rec-hFSH (follitropin beta) in IVF and ICSI 
cycles using GnRH antagonists. The results favored corifol- 
litropin alfa with regard to the number of oocytes retrieved 
(WMD =1.99; 95% CI: 1.02 to 2.97; p<0.0001), number 
of mature oocytes (WMD=1.92; 95% CI: 1.25 to 2.59; 
p<0.001), and number of embryos formed (WMD =1.09; 
95% CI: 0.68 to 1.49; p<0.0001). Clinical pregnancy, on- 
going pregnancy, live birth and miscarriage rates were not 
different regardless of the drug used for COS. The median 
duration of ovarian stimulation was 9 days in both treatment 
groups, thus indicating that two additional single daily in- 
jections of rec-hFSH were needed to complete the treatment 
regimen in the group of women who received corifollitropin 
alfa. Controlled ovarian stimulation with corifollitropin re- 
sulted in significantly higher cycle cancellations due to ex- 
cessive response compared with daily rec-hFSH injections 
(OR =5.67; 95% CI: 1.07 to 30.13; p=0.04), although the 
incidence of OHSS was not statistically significant between 
the groups (OR=1.29; 95% CI: 0.78 to 2.26; [132]). These 
results were further corroborated by a Cochrane review of 
the same aforementioned studies [133]. 

The main shortcoming of corifollitropin alfa is that no 
dose adjustments can be made in patients with either low re- 
sponse or excessive response after the initial injection. From 
the limited data available, it seems that corifollitropin alfa is 
efficacious and safe for COS in normal responders but more 
data are needed for other subgroups of patients [132]. 


Luteinizing Hormone Supplementation During 
COS: Rationale and Results 


Rationale of LH Supplementation: To Whom 
and Why? 


The “LH window” concept, as outlined by Shoham in 2002, 
proposes that in the absence of a threshold level of serum 
LH, estradiol production will be insufficient for follicular 
development, endometrial proliferation and corpus luteum 
formation. However, exposure of the developing follicle to 
excessive LH results in the suppression of granulosa cells 
proliferation, follicular atresia (nondominant follicles), pre- 
mature luteinization, and impairment of oocyte development 
[134]. This concept can be clearly observed in patients with 
hypogonadotrophic hypogonadism who do not achieve ad- 
equate steroidogenesis by stimulation with FSH alone, but 
resume sufficient estradiol production by LH supplementa- 
tion [135]. Evidence therefore suggests that in reproductive 
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cycles optimal follicular development occurs within a “LH 
window,” that is, above a LH threshold of 1.1 and below a 
LH ceiling of 5.1 IU/L [134, 135]. 

Even after pituitary suppression, still widely used in asso- 
ciation with COS, residual circulating levels of endogenous 
LH are usually adequate to support multiple follicular growth 
and oocyte development in COS with gonadotropins devoid 
of LH activity [136, 137]. In fact, only 1% of LH receptors 
need to be occupied to drive adequate ovarian steroidogen- 
esis. The general consensus regarding LH supplementation 
during COS is that most women have sufficient levels 
of endogenous LH and do not require supplementation 
(Table 28.8). Four meta-analyses, all of them published in 
2007, concluded that the indiscriminate use of LH supple- 
mentation in IVF cycles was not beneficial [138—141]. 

Nevertheless, ovarian response to COS with FSH only- 
containing gonadotropins has been poor in a subset of nor- 
mogonadotropic women including those in advanced repro- 
ductive age (>35 years old; [92, 142]), diminished ovarian 
reserve [91, 140], and highly suppressed levels of endoge- 
nous LH, in whom LH activity falls below the LH threshold 
[143-147]. In addition, early studies identified a subgroup 
of normogonadotropic patients who had normal estimated 
ovarian reserve but suboptimal responses to FSH stimula- 
tion [148-151]. Such women expressed ovarian resistance 
to FSH which was restored by using LH supplementation 
during COS, as demonstrated by Ferraretti and colleagues. 
These authors selected 126 women undergoing COS with a 
fixed dose of rec-hFSH in a GnRH agonist down-regulation 
protocol for IVF/ICSI with suboptimal initial follicular re- 
cruitment. Hypo-responsiveness to rec-hFSH was defined 
by the observation of steady follicular growth (> 10 antral 
follicles >8 mm in diameter) and estradiol levels (= 100 pg/ 
mL) between stimulation days 7 to 10 despite continuous 
rec-hFSH administration. Upon reaching this stage, patients 
were randomized to receive (i) increased rec-hFSH dose 
alone (n=54), (ii) rec-hLH (75 or 150 IU/day) in addition 
to increased FSH dose (1=54), and (iii) hMG in addition to 
increased rec-hFSH (=26). Fifty-four age-matched women 
with normal responses to COS were included as a control 
group. The group receiving rec-hLH achieved a higher 
pregnancy rate (54.4%) compared with both the patients re- 
ceiving rec-hFSH alone (24.4%; p<0.05) and hMG (11%; 
p<0.05). Pregnancy rates in the group of women receiving 
rec-hLH supplementation were not different from controls 
(41 %). Live birth rates in both rec-hLH (40.7%) and control 
(37%) groups were two times higher than in the other two 
groups (22 and 18%, respectively). However, the difference 
did not reach statistical significance [151]. The results of the 
aforementioned study were corroborated by de Placido et 
al., who also studied patients hypo-responsive to COS, de- 
fined by the presence of low serum estradiol levels (below 
180 pg/mL) and no follicles over 10 mm on stimulation day 
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8. Patients were randomized to receive either daily injec- 
tions of 75 UI rec-hLH starting on stimulation day 8 (n=65) 
or increased daily doses (step-up by 150 UI) of rec-hFSH 
(n=65). Both aforesaid groups were compared to normal 
responders who received no LH supplementation (m= 130). 
The number of oocytes retrieved was significantly higher in 
the patients who received recombinant LH supplementation 
(9.0+4.3) compared with those to whom increased doses of 
rec-hFSH was administered (6.1 +2.6; »<0.01), even though 
these values were lower than those obtained in the control 
group (10.49+3.7; p<0.05; [150]). Interestingly, it has been 
shown later that some of these hypo-responders harbored 
single nucleotide polymorphisms of FSH and LH receptors 
[152]. 

In summary, evidence indicates that a subset of women 
has less responsive ovaries to COS explained by a variety of 
factors, including reduced paracrine ovarian activity [153], 
LH receptor polymorphisms [152], reduced androgen secre- 
tory capacity [154], decreased number of functional LH re- 
ceptors [155], and reduced LH bioactivity while LH imnuno- 
reactivity is unchanged [156, 157]. Thus, it has been hypoth- 
esized that the aforementioned women would benefit from 
the use of LH-containing gonadotropin preparations [144, 
146, 150, 158, 159]. The potential benefit of LH administra- 
tion seems to be related to its action at the follicular level, 
which promotes an increase in androgen production for its 
later aromatization to estrogens, thus restoring the follicular 
milieu with a positive impact on oocyte quality. 


Clinical Studies on LH Supplementation During 
COS in Selected Patients 


A recent meta-analysis by Hill et al. demonstrated the ben- 
eficial effect of LH supplementation in down-regulated 
women over 34 years undergoing COS with rec-hFSH. The 
study included 7 RCTs (902 women) and compared COS 
using rec-hFSH alone or in combination with rec-hLH. 
GnRH-agonist down-regulation was used in five trials while 
GnRH antagonist and GnRH-agonist micro-flare were used 
in the remaining trials. The dose and day of starting rec-hLH 
supplementation varied among trials. In five of them a fixed 
dose of 150 IU rec-hLH, which started either on the sixth or 
seventh stimulation day, was used. One trial used a fixed 2:1 
ratio of rec-hFSH and rec-hLH while another used a fixed 
dose of 75 IU rec-hLH regardless of the FSH dose; in both 
of them LH supplementation was given from the first day 
of stimulation on. Implantation (OR =1.36; 95% CI: 1.05 
to 1.78, ’=12%) and clinical pregnancy rates (OR = 1.37; 
95% CI: 1.03 to 1.83, ?=28%) were significantly higher 
for women who received rec-hLH in addition to rec-hFSH 
compared with those in whom rec-hFSH was administered 
alone [92]. 
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Along the same lines, Mochtar et al., specifically evaluat- 
ing poor responders, have also demonstrated the usefulness 
of adding rec-hLH to COS. These authors pooled three RCTs 
including 310 participants, and showed that higher ongoing 
pregnancy rates (OR =1.85; 95% CI: 1.1 to 3.11) were ob- 
tained in patients treated with the combination of rec-hFSH 
and rec-hLH compared with rec-hFSH alone [140]. In an- 
other meta-analysis by Bosdou et al., which included 7 RCTs 
and 603 poor responders, differences in clinical pregnancy 
were not detected in the group of patients receiving LH 
supplementation. Notwithstanding, the definition of poor 
responders was not uniform and two of the included RCTs, 
in fact, evaluated slow/hypo-responders rather than poor re- 
sponders. The protocols of stimulation also varied as GnRH 
antagonists and agonists were used in two trials each, and 
GnRH-agonist short protocol was applied in three studies. 
The way rec-hLH supplementation was given also varied as 
daily doses of either 75 or 150 IU were used, and the start- 
ing day differed or was not described. Rec-hLH was added 
to rec-hFSH from the first stimulation day on in one trial, at 
stimulation day 7 in three studies, at day 8 in one RCT and on 
the day of the first GnRH antagonist injection in another one. 
Although statistical significance was not reached, the magni- 
tude of the effect size and the width of the 95 % CI regarding 
the clinical pregnancy rates (RD=+6%; 95% CI:—0.3 to 
+13%; p=0.06) suggested a potential clinical benefit of LH 
supplementation. Nevertheless, the authors of the aforesaid 
meta-analyses did find benefit in the use of rec-hLH supple- 
mentation in terms of live birth rates after IVF (RD=+ 19%; 
CI: +1 to +36 %), but their results derived from a single RCT 
[91]. Lastly, Fan et al. also studying poor responders in 3 
RCTs reported no differences in ongoing pregnancy rates 
with LH supplementation (OR= 1.30; 95 % CI: 0.80 to 2.11). 
Furthermore, there was no significant difference in the num- 
ber of oocytes retrieved, total dose of rec-hFSH used, total 
duration of stimulation, number of retrieved metaphase I 
oocytes and cycle cancellation rate between the study and 
control groups [160]. 

Despite the aforementioned evidence suggesting a ben- 
eficial effect of LH supplementation in selected patients, re- 
sults should be interpreted with caution due to the several 
limitations from the studies included in these meta-analyses 
(Table 28.8). First, definition of poor ovarian response was 
not uniform across studies. Second, ovarian stimulation 
protocols differed in terms of dosing, onset of LH supple- 
mentation and duration of stimulation. Third, in most cases 
a definite conclusion has not been reached due to the lim- 
ited number of included studies [91]. At present, the role of 
LH supplementation during COS is still debatable, and it is 
certain that more studies are needed until a definitive con- 
clusion is reached. Among many questions, what clinicians 
want to know is to which subgroups to offer LH supplemen- 
tation, and what is the best protocol for LH supplementation. 
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In this sense we still do not know how much LH is needed 
and when to start LH supplementation, and if the LH dose 
should be flexible or fixed [91, 146, 160]. 


Clinical Studies on COS with a Fixed Combination 
of 2:1 Ratio Follitropin Alfa + Lutropin Alfa 


The clinical experience with this novel recombinant gonad- 
otropin presentation is still limited. An open-label RCT in 
2012 compared this new formulation with HP-hMG in 35 
women with hypogonadotropic hypogonadism. The propor- 
tion of patients reaching ovulation did not differ between the 
groups (70 vs. 88 % respectively), but the pregnancy rate was 
significantly higher in the rec-hLH group (55.6 vs. 23.3%; 
p=0.01; [161]). In a RCT involving 106 women with low 
baseline endogenous LH levels (< 1.2 IU/L) in the presence 
of normal FSH levels undergoing IVF, fewer days of stimu- 
lation (10.9+ 1.1 vs. 14.141.6; p=0.013) and higher number 
of retrieved oocytes (7.8+1.1 vs. 4.1412; p=0.002) were 
noted in the group that received follitropin alfa + lutropin alfa 
2:1 compared with the group who received hMG. However, 
differences were not observed in estradiol levels on hCG day 
(1987+699 pg/mL vs. 2056+560 pg/mL), pregnancy rates 
per cycle (28.3 vs. 29.3%) and implantation rates (12.1 vs. 
12.2%), despite a higher cancellation rates due to excessive 
response was noted in women receiving follitropin + lutro- 
pin alfa (11.1 vs. 1.7%; p=0.042; [162]). 

Recently, a large matched case-control study involving 
4719 patients undergoing COS in a long down-regulation 
GnRH-agonist protocol using either hMG or a fixed com- 
bination of rec-hFSH and rec-hLH at a 2:1 ratio favored the 
latter with respect to the probability of achieving a clinical 
pregnancy in IVF (32 vs. 26%; p=0.02; [163]). Lastly, in 
2013, a crossover study evaluated 33 patients using HP- 
hMG in their first IVF cycle and 2:1 rec-hFSH plus rec-hLH 
in their second IVF attempt. Estradiol levels on the day of 
hCG (2633 +871 vs. 2101+816; p<0.05) and the number of 
oocytes retrieved (9.8+3.3 vs. 7.3+3.1; p<0.01) were high- 
er in the group that received the 2:1 rec-hFSH plus rec-hLH 
formulation. Despite of that, implantation and clinical preg- 
nancy rates per started cycle were not different between the 
groups (29.6 and 48.4%, respectively, for hMG and 28.4% 
and 48.4 for rec-hFSH plus rec-hLH; [164]). 

At present, there is insufficient clinical evidence to con- 
firm the superiority of the fixed rec-hFSH plus rec-hLH re- 
combinant combination over hMG. However, it seems sound 
to assume that LH activity driven by the two formulations is 
not equivalent. Unlike rec-hLH, LH activity in hMG derives 
from hCG which has markedly longer half-life and higher 
binding affinity to LH/hCG receptors compared to LH [94]. 
Down-regulation of LH receptors for up to 48 h has been 
reported in animal models after hCG administration [96]. 
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In fact, there is a consistent lower expression of LH/hCG 
receptor gene and genes involved in the biosynthesis of cho- 
lesterol and steroids in granulosa cells in patients treated 
with hMG compared to those treated with rec-hFSH [95]. 
The lower gene expression may reflect down-regulation of 
LH/hCG receptors caused by a constant ligand exposure to 
hCG during the follicular phase. These findings indicate that 
granulosa cells of patients treated with hMG have lower LH- 
induced cholesterol uptake, a decrease in de novo cholester- 
ol synthesis and a decrease in steroid synthesis. This would 
also explain the lower progesterone levels reported in these 
patients. In conclusion, the choice of preparations used for 
COS might be important for granulosa cell function and may 
influence the developmental competence of the oocyte and 
function of the corpus luteum [95]. 


Clinical Impact of Progesterone Rise During COS 
with Gonadotropins 


In a normal menstrual cycle, there is a progressive increase 
in progesterone levels as follicles develop [165]. Granulosa 
cells grow and express LH receptors under FSH influence 
[22, 34]. In the late follicular phase, LH acts on granulosa 
LH receptors and stimulates progesterone production [22]. 
In the event of COS, multiple follicular growth is achieved. 
Recombinant FSH has higher FSH bioactivity compared to 
urinary FSH and hMG, thus leading to the development of 
more follicles and granulosa cells [97, 125, 126, 166-168]. 
Furthermore, FSH induces up-regulation of LH receptors in 
granulosa cells, unlike hMG [22, 96]. In accordance with 
the number of follicles and FSH drive, progesterone out- 
put to the periphery will be magnified. Endogenous (and 
exogenous) LH binds to LH receptors in the GC and induces 
progesterone (P4) synthesis; most circulating P4 (95%) is 
produced in the intrafollicular compartment by the granulosa 
cells. Thereby, serum progesterone levels are usually higher 
in rec-hFSH stimulated-cycles compared with hMG, and it 
merely reflects the presence of a larger number of develop- 
ing follicles, and possibly higher levels of endogenous LH 
present [95, 97, 169]. 

In recent years, increased attention has been given to the 
potential negative impact of premature progesterone eleva- 
tion on embryo implantation [98, 170-172]. In the meta- 
analysis of Venetis et al., the authors included 12 eligible 
studies (10 of which were retrospective) and assessed 2624 
patients undergoing COS in association with GnRH agonist 
and 109 with GnRH antagonist. A detrimental effect of pro- 
gesterone rise, measured on the day of hCG administration, 
on the probability of achieving a clinical pregnancy was 
not confirmed (GnRH agonist group: OR =0.86; 95% CI: 
0.59 to 1.25; GnRH antagonist: OR =0.57; 95% CI: 0.09 
to 3.56; [98]). In 2012, Kobilianakis et al. in a small meta- 
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analysis including five studies and 585 patients (all using 
GnRH antagonist) demonstrated that progesterone eleva- 
tion on the day of hCG administration was associated with 
a significantly decreased probability of achieving a clinical 
pregnancy per initiated cycle (WMD =-9%; 95% CI: — 17 
to —2%; [170]). These conflicting data may be explained 
by the fact that both meta-analyses included mostly retro- 
spective studies and the cutoff points to discriminate pa- 
tients with elevated and normal progesterone levels were 
not uniform [98, 170]. 

In an attempt to establish a cutoff point for progesterone 
elevation that could be critical for IVF outcomes, Bosch et al. 
performed a retrospective analysis of 4032 patients undergo- 
ing IVF/ICSI cycles using GnRH agonists or antagonists. In 
this study, a significant (»<0.001) inverse association was 
observed between ongoing pregnancy and serum proges- 
terone levels on the day of hCG administration irrespective 
of the GnRH analogue used for pituitary suppression. The 
odds-ratio of ongoing pregnancy was calculated for different 
progesterone intervals and results were compared. There was 
a significant difference in the probability of pregnancy only 
between the 1.26-1.50 and 1.51—1.75 ng/mL intervals, both 
for the overall study group (p=0.003) and the subgroups 
(GnRH agonist: p=0.028; GnRH antagonist: p=0.024). Pa- 
tients with serum progesterone levels < 1.5 ng/mL had higher 
ongoing pregnancy rates than those with progesterone levels 
>1.5 ng/mL (31.0 vs. 19.1%; p=0.00006; OR=0.53; 95% 
CI: 0.38 to 0.72). Multivariate regression analysis showed 
that daily FSH dose, number of oocytes and estradiol values 
on the day of hCG administration were positively associated 
with progesterone levels (p<0.0001 for all). Progesterone 
levels were also significantly higher in women treated with 
GnRH agonists versus antagonists (p=0.0003). The authors 
of the aforementioned study concluded that the cutoff point 
of 1.5 ng/mL could represent the critical threshold level at 
which there would be a negative impact of progesterone on 
ongoing pregnancy rates [171]. 

In a large retrospective cohort study, Xu et al. evaluated a 
group of 11,055 women who had had fresh embryo transfers 
and a group including 4021 frozen embryo transfers (FET) 
after IVF/ICSI according to P4 levels. The ongoing pregnan- 
cy rate in fresh cycles was inversely associated with serum 
progesterone levels on the day of hCG administration. On 
the other hand, no such negative impact of elevated P4 levels 
was observed in FET. In contrast with the study of Bosch and 
colleagues, which defined a single P4 cutoff point, Xu et al. 
proposed that P4 cutoff points should be according to differ- 
ent ovarian response, that is, serum P4 level of 1.5 ng/mL as 
the threshold for poor responders (<4 oocytes), 1.75 ng/mL 
for intermediate responders (5—19 oocytes), and 2.25 ng/mL 
for high responders (>20 oocytes). Of note, elevated pro- 
gesterone had no impact on the oocyte and embryo quality 
thus suggesting that its likely detrimental effect relates 
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to the endometrial receptivity [172]. This hypothesis has 
been corroborated by data from oocyte donation programs, 
which indicates that pregnancy rates of the recipients are not 
influenced by progesterone levels of the donors measured at 
the day of hCG administration [166, 173, 174]. 

In conclusion, serum progesterone rise in COS is a di- 
rect effect of the number of developing follicles. Although 
current data suggest that elevated progesterone levels on the 
day of hCG administration may negatively impact embryo 
implantation in fresh transfers, prospective randomized tri- 
als are needed to confirm these results and to determine why, 
when and how much progesterone is detrimental for implan- 
tation rates [98]. 


Future Developments in Gonadotropin 
Preparations 


Pharmaceutical companies have been working on the 
development of low-molecular weight (LMW) gonado- 
tropins, that is, new non-peptide molecules with in vivo 
bioactivity to properly stimulate FSH and LH receptors 
when taken orally [175, 176]. FSH and LH receptors consti- 
tute a subgroup of G protein coupled receptors with 7-trans- 
membrane domains and a large N-terminal extracellular 
region, which is the predominant site of hormone binding 
(Fig. 28.10; [175, 177, 178]). Receptor activation requires 
that hormones bind to the N-terminal region, thus leading 
to intramolecular signal transduction from the ligand-re- 
ceptor complex to the transmembrane domains. However, 
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Fig. 28.10 FSH and LH receptors. FSH and LH receptors are included 
in the subgroup of G protein coupled receptors. Such receptors are char- 
acterized by having 7-transmembrane domains and a large N-terminal 
extracellular region, which is the predominant site of hormone binding. 
In contrast to FSH and LH, most low-molecular weight (LMW) FSH 
and LH receptor agonists (and antagonists) are allosteric compounds 
that interact with the transmembrane domains instead of the N-terminal 
region 
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the mechanism that underlies this intramolecular signaling 
pathway is poorly understood [175, 179]. The main signal- 
ing pathway of FSH receptors in granulosa cells appears to 
involve stimulation of adenylyl cyclase via coupling to Gs 
proteins [175, 177]. This pathway is responsible for granu- 
losa cell differentiation and growth, aromatase expression 
and LH receptor induction [175]. 

The first LMW peptides with bioactivity to FSH receptors 
were described in 2002. In recent years, other compounds 
have been identified, including biaryl diketopiperazines, 
thienopyrimidines, dihydropyridines, and thiazolidinones. 
In the meantime, peptides with agonist activity to LH have 
been also identified [175, 176]. To date, oral bioavailability 
and/or oral efficacy of these earlier compounds have not been 
reported. In fact, most LMW FSH receptor agonists (and an- 
tagonists) are thought to be allosteric compounds presumably 
interacting with the transmembrane domains instead of the 
N-terminal region. As such, the signaling pathways induced 
by these molecules are different from those induced by the 
native, orthosteric ligands. Recently, a new developed LMW 
agonist to FSH (and LH) receptor has shown to be orally bio- 
active in animal studies [176, 177]. In the future, it seems 
possible that orally taking gonadotropins would replace the 
injectable presentations currently available [175, 176]. 


Conclusions 


Gonadotropin therapy has a central role for ovarian stimu- 
lation in infertility treatments. Efforts have been made to 
improve gonadotropin preparations over the last century. 
Undoubtedly, current gonadotropins have better quality and 
safety profile as well as clinical efficacy than the earlier ones. 
In this sense, a major achievement has been the introduction 
of recombinant technology in the manufacturing process of 
FSH, LH, and hCG. Recombinant gonadotropins are purer 
than urinary-derived gonadotropins, and the introduction of 
FbM technology virtually eliminated batch-to-batch varia- 
tions and enabled accurate dosing in relatively smaller incre- 
ments thus refining COS. Recombinant and FbM technolo- 
gies combined have been the driven forces for the introduc- 
tion of prefilled pen devices that made ovarian stimulation 
more patient-friendly. Recently, a novel FSH preparation 
with long-lasting activity has been introduced, but clinical 
results are still limited. The next step in gonadotropin de- 
velopment, that is, orally bioactive molecules with either 
agonist or antagonist actions on FSH and LH receptors, is 
already on its way. 

Although FSH is the key gonadotropin to promote fol- 
licular recruitment and growth during COS, the importance 
of LH has been revisited. At present, the general consensus 
is that most women have sufficient levels of endogenous LH 
to support ovarian stimulation with FSH alone. However, a 
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subgroup comprising approximately 15—20% of women un- 
dergoing ART have less sensitive ovaries and fair evidence 
suggests that LH supplementation to FSH would be bene- 
ficial during COS. These categories include older patients 
(=35 years), poor and slow/hypo responders to COS, and 
those with deeply suppressed endogenous LH. Currently, 
three gonadotropin formulations are commercially available 
to deliver LH activity: hMG (with LH activity originated 
from hCG), rec-hLH and a newly released fixed combina- 
tion of rec-hFSH and rec-hLH at 2:1 ratio. Research has 
indicated that the choice of preparations used for COS is 
important for granulosa cell function and may influence the 
developmental competence of the oocyte and function of the 
corpus luteum. Such findings have been gradually translated 
to the clinical field. 
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Introduction 


Infertility remains prevalent and problematic among couples 
worldwide [1, 2]. With an average monthly fecundity rate 
of only 20%, humans are not as fertile as other mammals 
[3]. Infertility is defined as the inability to conceive after 12 
months of unprotected sexual intercourse for couples where 
the woman is younger than 35 years old and after 6 months 
for women older than 35 years. However, there is no uni- 
form definition for unexplained infertility (UI). An estimated 
4—17% of couples seek medical treatment in order to rec- 
tify their infertility, and it is reasonable to assume that this 
percentage is underestimated because many cases of infer- 
tility are not reported [4]. The etiology of infertility is un- 
explained in about 8—28 % of cases [1, 5]. UI is diagnosed 
when the standard work-up reveals normal semen analysis, 
normal uterus with bilateral tubal patency (evaluated with 
ultrasound and hysterosalpingogram), and regular ovulatory 
cycles (midluteal phase serum progesterone). Recently, a di- 
agnostic laparoscopy (LPS) is no longer considered essential 
to reach the diagnosis of UI [6]. However, a laparoscopy is 
still accepted as gold standard for diagnosing tubal pathol- 
ogy or other pelvic reproductive diseases such as adhesions 
and “minimal or mild” endometriosis. In other instances, a 
completely normal pelvic anatomical survey and history of 
well-timed intercourse (TI) and infertility lasting for 2 or 
more years could justify the recommendation to proceed di- 
rectly to in vitro fertilization (IVF) bypassing cycles of ovu- 
latory stimulation with or without intrauterine inseminations 
(IUIs). 

For the infertile couple, a diagnosis of UI may be very 
frustrating and is often interpreted as meaning that if there is 
no explanation for the cause of infertility and then there must 
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be no effective treatment. The prognosis is worst when the 
duration of infertility exceeds 3 years and the female part- 
ner is >35 years of age [7]. It has been observed that the 
proportion of spontaneous pregnancies is higher in couples 
with UI thus suggesting an overall better fertility prognosis 
compared with couples with infertility of known causes. The 
treatment of UI, given the lack ofa solid diagnosis, is empiri- 
cal and many different regimens have been used. 

Treatment options are expectant management (EM) after 
educating the couple about properly monitoring ovulation 
(with LH-kits for example) and timing intercourse, IUI, with 
or without controlled ovarian stimulation (COS), and IVF 
with or without intracytoplasmic sperm injection (ICSI). 
TUI cycles, with or without COS, are generally the first step 
in the treatment algorithm. Many authors recommend after 
three or six unsuccessful cycles of ovulation induction or 
IUI switching to assisted reproductive technologies (ART). 
However, in a recent paper, Bonneau et al. [8] have under- 
lined that after three cycles of ovulation induction with or 
without IUI and no pregnancy, women should be offered a 
diagnostic LPS before ART. Laparoscopy might play an im- 
portant role in choosing the strategy for the management of 
infertility when the patient is younger than 35 years and with 
a history of infertility not longer than 2-3 years. In this group 
of patient, diagnostic LPS should be strongly considered in 
UI work-up because predictive factors (as minimal endome- 
triosis, adnexal adhesions, and tubal inefficiency) are usually 
found during this procedure. 


Definition of UI 


The fertility work-up consists of complete medical and 
sexual history for both partners; two semen analysis: cycle 
monitoring including ultrasonographic ovulation detection, 
mild-luteal progesterone, including Chlamydia antibody 
test, hystero/sonohysterosalpingography (HSG) or laparos- 
copy with dye test. The diagnosis of UI is confirmed when 
all the findings are normal. 
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Couples with UI are defined as follows: 


1. Couples who have tried to conceive for at least 1 year 
without success (if younger than 35 years or 6 months if 
older than 35 years). 

2. No abnormality found during infertility investigation, 
with laboratory evidence of regular ovulation (normal 
levels of luteal progesterone), normal tubal patency and 
exclusion of other tubal or pelvic abnormalities by hys- 
tero/sonohystero-salpingography or laparoscopy or both. 

3. Normal semen analysis according to the World Health Or- 
ganization (WHO 2010): sperm concentration more than 
15 million/mL, total motility (% motile) of at least 40 %, 
progressive motility 32 %, normal morphology of at least 
4% (strict criterion), vitality (% alive) 58%, and no anti- 
sperm antibodies. 


Patients with poor ovarian reserve, according to the Europe- 
an Society of Human Reproduction and Embryology criteria 
[9], are not considered as affected by UI. 

The definition of UI may vary in women 40 years or 
older. In this group of patients reduced ovarian reserve may 
or may not be apparent, but oocyte quality is certainly a fac- 
tor for their reduced chances of pregnancy and often they are 
classified as with UI [2]. This is an important point because 
the ability to conceive decreases with advancing maternal 
age either spontaneously or when treated with assisted repro- 
ductive technologies. Many women are still unaware of the 
age-related sharp decline in reproductive efficiency and for a 
variety of reasons postpone motherhood and seek treatment 
at the age of 40 or older [10]. 

Other patients with a known cause of infertility including 
a moderate male factor, moderate to severe endometriosis, 
tubal disease and a cervical factor are excluded from the di- 
agnosis of UI. 


Treatment of Unexplained Infertility 


Guidelines from the Royal College of Obstetricians and 
Gynaecologists (RCOG, 1998) [11] have recommended 
that couples should have tried expectant treatment before 
assisted reproductive treatment. A recent study suggested 
that treatments like empirical clomiphene citrate (CC) and 
IUI do not offer superior live-birth rates (LBRs) compared 
with EM in UI [12]. The chance of achieving a pregnancy 
depends mainly on patients age, duration of infertility, and 
history of any other pregnancy in the same relationship. The 
conventional approach starts with EM followed by CC alone 
with TI, followed by IUI in natural cycles, then CC with IUI 
before resorting to the use of injectable gonadotropins (FSH 
and LH) termed COS and IUI. When COS/IUI cycles fail, 
IVF and ICSI are recommended. 
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An observational study of 1236 couples with UI in the 
Netherlands noted that between 10 and 25% conceived dur- 
ing 1 year while being on a waiting list to undergo IVF [13]. 
Overall, approximately 1 to 4% of couples with UI will 
conceive spontaneously each month. Younger women with 
shorter durations of infertility are the ones most likely to 
conceive with EM. If a couple has been attempting to con- 
ceive for 2 or more years or if the woman is 35 years or older, 
a more aggressive approach is justified. 


Intrauterine Insemination for Unexplained 
Infertility 


TUI is a widely used, relatively simple, fertility treatment 
for couples with UI. The clinical pregnancy rate with IUI is 
11-33% for all causes of infertility. Semen is “processed” 
in the laboratory by either swim-up or filtration gradients 
methods and the final sample containing normal motile 
sperm in a small volume (about 0.4 to 0.5 mL) is inserted 
into the uterine cavity using a small catheter. In this way, 
the cervix is bypassed. IUI can be performed with or with- 
out medications. For the correct timing of the insemination, 
cycle’s monitoring is carried out. This is usually done by ul- 
trasound assessment of follicle growth or by monitoring the 
preovulatory luteinizing hormone rise in blood or urine. In 
COS cycles, ovulation is often induced by human chorionic 
gonadotropin (hCG) when at least one or two follicles are 
>18 mm and the endometrial thickness >7 mm. There is no 
clear understanding on the optimal timing, i.e., whether the 
IUI should be carried out the day after hCG administration 
or 36 h later. Likewise, it is still debated whether one IUI per 
cycle is sufficient as opposed to two consecutive ones. Some 
data suggest that timing of insemination may be kept at 24 
or 36 h after hCG injection to suit the convenience of the 
clinic or of the care provider [14]. A recent study examining 
single versus double IUI for UI has shown no clear benefit 
of double over single inseminations in couples with UI [15]. 

The increased risk of multiple pregnancies is a logical 
consequence of stimulating the growth of multiple follicles. 
The incidence of multiple pregnancies after treatment with 
COS and IUI varies between 10 (CC cycles) and 40% and 
the overall contribution of this treatment to multiple births is 
estimated to be around 30% [16]. The question is whether 
this multiple pregnancy rate is acceptable or whether it can 
be reduced to acceptable numbers. Recently, more and more 
evidence is being collected that the strict monitoring of the 
patients [17, 18], but in particular the mild ovarian hyper- 
stimulation [19] could reduce the incidence multiple preg- 
nancies. Several trials using mild stimulation protocols for 
IUI have been published, showing promising results of ac- 
ceptable pregnancy rates with very low multiple pregnancy 
rates [20]. 
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The two most commonly used drugs for COS are CC, 
which is an oral treatment, and gonadotropins administered 
by subcutaneous injection. CC is a derivative of triphenyl- 
ethylene steroids. CC is the most commonly used oral agent 
for the induction of ovulation. It is a nonsteroidal selective 
estrogen receptor modulator that has predominant anties- 
trogenic action resulting in long-lasting estrogen receptor 
depletion. CC was widely used during the early follicular 
phase of COH in the 1980s due to the ease of administration 
(oral route), low cost, and acceptable success rate. The inci- 
dence of multiple gestations with the use of CC is approxi- 
mately 8% and most of these are twins. Side effects include 
antiestrogenic effects systemically, on the endometrium and 
cervical mucus [21]. The most common side effect is va- 
somotor symptoms, which occur in approximately 10% of 
women taking CC. Less common side effects include mood 
swings, breast tenderness, headaches, and nausea. Visual 
disturbances occur in less than 2% but occasionally can be 
permanent. There is not an increase of congenital anomalies 
or birth defects in the children conceived by women taking 
CC. Although some retrospective studies have reported an 
increased risk of ovarian cancer [22], overall there does not 
seem to be an increase in the incidence of ovarian or breast 
cancer in infertile women who have taken CC [23, 24]. CC 
(50 mg) is taken once daily, beginning on day 3 or 5 of the 
cycle for 5 days. Follicle monitoring with transvaginal so- 
nography aims at assessing follicular and endometrial devel- 
opment beginning from cycle day 11 or earlier depending 
on the women’s cycle. The dose of CC can be increased to 
100 mg in subsequent cycle up to a maximum of 150 mg if 
the ovarian response is suboptimal with standard doses. 

In the event, the endometrial thickness is suboptimal or 
the ovarian response is insufficient or after 2-3 cycles of 
no pregnancy, it is recommend to proceed with the use of 
gonadotropins (FSH alone or FSH and LH). With gonado- 
tropins patients must understand the expense of the medi- 
cations and the need for a closer monitoring (more office 
visits), to check follicle number and growth serum and 
sometimes estradiol levels, so to minimize the risks of ovar- 
ian hyperstimulation and the risk of high-order multiple 
pregnancies (HOMP). The key is to start with lower dosages 
of medication, 50 to 100 IU of FSH daily from cycle day 2 
or 3. Clinical judgment is necessary in dosing the medica- 
tion and adjusting the dose throughout the cycle according 
to follicular number and growth. There are significant risks 
of twins (11%) and high-order multiples (3.0-4.1%) when 
using gonadotropins [25]. A meta-analysis of seven studies 
showed a significantly higher pregnancy rate for treatment 
with gonadotropins (28%) compared to treatment with CC 
(19%) when combined with IUI [26]. Usually, the cycles are 
cancelled if there are >4 developing follicles observed on 
sonography. The recent Cochrane review (2012) emphasized 
that IUI increases the chance of pregnancy compared to cor- 
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rect timing of intercourse and furthermore LBRs are higher 
in IUI cycles with COS. However, increased multiple preg- 
nancy rates are concerning and further studies are needed to 
assess the magnitude of this problems. 

The Cochrane database [1] for couples with UI showed 
that IUI improves the LBR compared with TI, both with and 
without COS. The individual trials were contradictory and 
often lacked sufficient power to draw firm conclusion. There 
were five trials included per comparison: 


1. IUI versus TI or EM both in a natural cycle: there was no 
evidence of a significant difference in pregnancy rates (OR 
1.53, 95 % CI 0.88 to 2.64) and LBRs (23 % with IUI ver- 
sus 16% in the EM group). There were no significant dif- 
ferences in side effects (multiple pregnancies, miscarriage, 
and ectopic pregnancies) between the IUI and TI groups. 

2. IUI versus TI both in stimulated cycles: there was evi- 
dence of an increased chance of pregnancy after IUI (six 
RCTs, 517 women: OR 1.68, 95 % CI 1.13 to 2.50). 

3. IUI in combination with COS compared to IUI in a nat- 
ural cycle: a significant increase in LBR was found for 
women treated with IUI and COS compared to women 
treated with IUI only (four RCTs, 396 woman: OR 2.07, 
95% CI 1.22 to 3.50). 

4. TUI in combination with COS was compared with TI in 
a natural cycle: there was no evidence of a difference in 
pregnancy rate (two RCTs, total 304 women: data not 
pooled). 

5. IUI in a natural cycle versus TI in a stimulated cycle: it 
was observed that the LBRs were 23 and 13 % for women 
treated with IUI compared to TI in a stimulated cycle, re- 
spectively. There was a small but significant difference in 
favor of IUI in a natural cycle (OR 1.95, 95% CI 1.10 to 
3.44) for couples with UI. 


However, the trials provided insufficient data to investigate 
the impact of IUI with or without COS on several important 
outcomes including live births, multiple pregnancies, mis- 
carriage, and risk of ovarian hyperstimulation. The type of 
drug and dose, the treatment duration, and cancellation cri- 
teria may have influenced the outcomes. A reason for this 
could be that this study used the most aggressive stimulation 
methods, accepted a maximum of six dominant follicles and 
treated couples for up to five cycles. 

We can, therefore, conclude that in couples with unex- 
plained subfertility the combination of CO and IUI seems to 
be the most effective strategy. 

For the purpose of this book chapter, we have considered 
useful to show some data from the Italian National ART data- 
base [27] in order to underline the role of IUI in Italy for the 
treatment of infertility and in particular in unexplained cases. 

Table 29.1 describes IUI cycles carried out in 2010 in 
Italy from 302 ART clinics where this technique has offered. 
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Table 29.1 Assisted reproductive technologies (ART) in Italy in 
2010—IUI cycles performed in 2010 as reported by the Italian ART 
Register in 2012 


Total numbers Incidence (%) 


Cycles IUI 32,069 

Pregnancies 3306 16.8 
Live birth* 2465 7.6 
Singleton 1989 89.6 
Twin 2010 9.5 
Triplet 21 0.9 


è Five-hundred thirteen (15.5%) pregnancies were lost to follow up 
and four-hundred ninety nine (20.5%) of monitored pregnancies had 
a negative outcome 


A total of 19,707 patients underwent 32,069 IUI cycles and 
3,306 pregnancies were obtained. Five-hundred thirteen 
of these pregnancies (15.5%) were lost for follow-up and 
from the remaining 2793 pregnancies, a total of 2465 chil- 
dren were born alive. Pregnancy rates per patients treated 
with IUI were 16.8 and 10.3% per cycle. The percentage of 
twin births was 9.5% while the triplet rate was 0.9%. The 
overall rate of miscarriages, therapeutic abortions, intrauter- 
ine deaths, and ectopic pregnancy was 20.5 %. Considering 
patients age, the pregnancy rate for women under 34 was 
14.5, 10.8% in women between 35 and 39 years old, 8.2% 
for women between 40 and 42 years old, and 3 % in patient 
43 years or older (Table 29.2). These data confirmed how the 
age of the patient is highly relevant for a positive outcome 
when IUI procedure is implemented. Table 29.3 shows that 
the negative outcome of pregnancies achieved through IUI 


Table 29.2 Assisted reproductive technologies (ART) in Italy in 
2010—Outcome of TUI in relation to the age during cycles performed 
in 2010 as reported by the Italian ART Register in 2012 


Female age (years) Percentage of successful procedure Live birth 


<34 14.5 1.604 
35-39 10.8 1.329 
40-42 8.2 321 
>43 3.0 52 
Total 3.306 


Table 29.3 Assisted reproductive technologies (ART) in Italy 2010— 
TUI monitored pregnancies negative outcomes in relation to the classes 
of female age in cycles performed in 2010 as reported by the Italian 
ART database in 2012 


Female age Pregnancies Negative outcome Percentage 
(years) 

<34 1.362 212 15.6 
35-39 1.098 234 21.3 
40-42 287 105 36.6 

>43 46 22 47.8 

Total 2.793 573° 20.5 


è Four-hundred ninety nine (17.9%) spontaneous abortions, twenty 
three (0.8%) therapeutic abortions, forty five (1.6%) ectopic pregnan- 
cies, and six (0.2%) intrauterine deaths 


P. E. L. Setti et al. 


in relation to the age of the patients. The percentage ranges 
from 15.6% in women with age “< to 34 to 47.8 % in women 
with age >43 years. 


How Many IUI Cycles Should Be Performed in 
Patients with UI? 


Data on the optimum number of IUI treatment cycles are in- 
consistent. Most authors recommend not to continue IUI after 
three to four cycles [28] whereas some others advise to con- 
tinue with IUI even after six or more cycles [29, 30]. In this 
group of patients is very difficult to quantify the appropriate 
number of IUI before proceeding to ART. In general, after 
four to six cycles of IUI in young patients it is appropriate 
to resort to ART [31]. Prognostic factors related to a higher 
cumulative pregnancy rate are duration of infertility less than 
2 years, a previous pregnancy with the same partner and fe- 
male age <30 years. In these instances, couples could be en- 
couraged to use less invasive treatments for up to 2-3 years 
because they have a similar chance of achieving pregnancy 
without treatment [32, 33]. ART (IVF or ICSI) is indicated 
as first treatment option when the duration of UI is at least 3 
years. Some data suggest that each additional month of infer- 
tility reduces the chance of pregnancy by 2%, or about 25% 
year. Similarly, for each year of the female partner’s age >30, 
the pregnancy rate is reduced by 9% [2, 34]. 

Siam et al. [35] investigated the relationship between 
prevalence of antisperm antibodies and genital infection 
with Chlamydia trachomatis in women with UI. Infection 
with chlamydia is one of the most common sexually trans- 
mitted diseases and sperm-associated antibody could impair 
fertility through various mechanisms. The study, however, 
failed to find a positive correlation between current or past 
chlamydia infection and the level of antisperm antibodies in 
women suffering of UI. Antisperm antibodies were signifi- 
cantly higher in infertile women, but without a significant 
difference between infertile women with past or current C. 
trachomatis infection. 

Another group of UI patients is those with “secondary 
UT” with the same or another partner. There are no clear data 
in the literature for these groups of patients. Good medical 
practice would suggest to do an extensive work-up to ex- 
clude conditions that could have altered the mechanisms of 
reproduction (e.g., a cesarean section with the prior deliv- 
ery and the presence of pelvic adhesions) and then set up 
a therapeutic approach. Some authors have investigated the 
relationship between hyaluronan (HA)-binding assay and 
pregnancy rates in IUI cycles. The HA-binding evaluates the 
maturity and fertility potential of sperm and may be useful to 
discriminate between patients who would benefit from treat- 
ment with IUI if the binding is 80% or higher [36]. Other 
authors have concluded that HA-binding test does not pre- 
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dict pregnancy rates in IUI cycle [37]. To our knowledge, 
there is no data about the effect of HA assay on IUI cycles in 
couples with UI. 


lUI Versus in Vitro Fertilization for Unexplained 
Infertility 


IVF is a widely accepted treatment for UI, with estimated 
LBRs per cycle varying from 33.1% in women younger 
than 35 years old and 12.5% in women between 40 and 42 
years [38]. Two randomized trials compared gonadotropin 
stimulated IUI with IVF in cases of UI. Crosignani et al. [39] 
showed birth rate of 24.5 and 22.9 %, respectively, when two 
cycles of each treatment were being offered. Goverde et al. 
[40] evaluated a treatment plan involving six cycles of un- 
stimulated and stimulated IUI or IVF. This trial showed low 
pregnancy rate/cycles with IVF and multiple pregnancy rates 
of 21%. Withdrawal rate was higher in IVF cycles (42%) 
than FSH/IUI cycles (16%). The Cochrane [41] analyzed 
six RTCs: LBR per patient was significantly higher with 
IVF (45.8%) than EM (3.7%) (OR 22.00). There was no 
evidence of a significant different in LBR between IVF and 
TUI alone (OR 1.96, 95% CI 0.88 to 4.36), 40.7% with IVF 
versus 25.9% with IUI. The clinical effectiveness between 
FSH/IUI and IVF treatment of UI was small. Cost effective- 
ness of primary offer of IVF versus primary offer of IUI 
followed by IVF in couples with unexplained or mild male 
factor subfertility has been evaluated [42, 43]. The Cochrane 
concluded the review, assessing that IVF may result in more 
births than other techniques for couples with UI, but the re- 
search is not conclusive. 


Conclusion 


Treatment of UI is very much dependent on availability of 
resources and patients’ age and duration of infertility. The 
LBR for women >40 years using COS with gonadotrophin/ 
IUI is 2.6 % [44]. The standard protocol involves proceeding 
from low-tech to high-tech treatment options. A Cochrane 
review shows evidence that the addition of COS to IUI treat- 
ment improves LBRs in couples with UI. A smaller but sta- 
tistical significant rise in pregnancy rate was found for IUI 
when compared with TI in stimulated cycles. The multiple 
pregnancy rates should be kept to a minimum by using mild 
stimulation protocols and strict cancellation criteria. Couples 
should be fully informed about the risks of IUI and COS and 
alternative treatment options should be offered. There is a 
definite need for multicenter randomized controlled trials to 
identify the best treatment option in UI. However, IVF may 
be more effective than the combination of IUI with ovarian 
stimulation, but results must be carefully interpreted. The 
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perception of couples and their desire to achieve tangible re- 
sults is also important. Adverse events and costs associated 
with the compared interventions have not been adequately 
assessed. Clinicians and couples should balance the invasive 
nature of IVF and related costs against chances of success 
with other treatment modalities. To best select an appropriate 
therapy, the patient’s characteristics (age, duration of infer- 
tility, parity, primary or secondary infertility, and previous 
therapy) should be fully explored and known. 
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Abbreviations 


CPR Clinical pregnancy rate 
FR Fertilization rate 

LBR Live birth rate 

OR Odds ratio 

Pre-Rx women Pretreated women 

RR Relative risk 

Rx-naive women Treatment-nalve women 
TFF Total fertilization failure 
Introduction 


As the name implies, “unexplained female infertility” should 
be diagnosed when the female partner of an infertile couple 
has been investigated, and no cause for her infertility was 
found assuming that the male partner is normal or has 
recently sired children. However, there is no established 
definition for unexplained infertility [1—5], and the diagnosis 
depends on the range of investigations to which the patient 
was subjected [6]. 

Notwithstanding this limitation, women diagnosed 
with unexplained infertility have been offered a number of 
alternative treatments with various claims of success [5, 7]. 
These include ovulation induction with clomiphene citrate 
(CC) [8], gonadotrophins (HMG) [9], or aromatase inhibitors 
[10], flushing the uterine cavity with various physiological 
solutions or radio-opaque medium [11], empirical use of 
bromocryptin [12] or danazol [13], intrauterine insemina- 
tion (IUI) with or without controlled ovarian hyperstimula- 
tion (COH) [14-18], intraperitoneal insemination (IPI) [19], 
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fallopian tube sperm perfusion [20], gamete intrafallopian 
transfer (GIFT), as well as in vitro fertilization (IVF) with 
or without intracytoplasmic sperm injection (ICSI) [16, 
21-23]. This chapter will evaluate the role of IVF in unex- 
plained female infertility in the light of evidence. 


IVF for Unexplained Infertility 


The birth of Louise Brown in July of 1978 opened a new 
era in the treatment of infertility due to various etiologies. 
Although the technique was first introduced for the treatment 
of tubal infertility, it has since been increasingly used in the 
treatment of infertile couples with mild oligospermia as well 
as unexplained infertility with various claims of success. In 
1991, the European Society of Human Reproduction and 
Embryology (ESHRE) conducted a multicenter randomized 
controlled trial (RCT), involving 19 centers, comparing 5 
modalities of treatment of unexplained infertility. They found 
that the mean clinical pregnancy rates for IUI, IPI, GIFT, and 
IVF were 27.4, 27, 28, and 25.7%, respectively; compared to 
15.2 % for patient treated with COH (P=0.058) [19]. Subse- 
quently, a combined report on national USA data of 2003 was 
published by the Centers for Disease Control and Prevention 
(CDC), the American Society for Reproductive Medicine 
(ASRM), and the Society for Assisted Reproductive Tech- 
nology (SART). The live birth rate among women with unex- 
plained infertility treated with IVF was 30.4% [24]. 


IVF Versus Expectant Management 
in Unexplained Infertility 


As pregnancy is a probabilistic concept and can occur 
spontaneously against many odds, proper evaluation of any 
therapeutic modality for the treatment of infertility neces- 
sitates its comparison with expectant management, ideally 
in a RCT. In 1998, Guzick et al. conducted a review of pub- 
lished reports on various modalities used in the treatment of 
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unexplained infertility. They found a combined pregnancy 
rate per initiated cycle of 3.8 % for patients treated with IUI, 
5.6% for those treated with CC, 8.3 % for those treated with 
both CC and IUI, 7.7% for those treated with HMG, 17.1% 
for those treated with both HMG and IUI, 20.7% for those 
treated with IVF, and 27.0% for those treated with GIFT. 
These data compared to a combined pregnancy rate of 1.3— 
4.1% in patients who received no treatment [7]. 

Subsequent studies reported higher pregnancy and live 
birth rates in couples with unexplained infertility treated with 
IVF. In 2004, Hughes et al. conducted a multicenter RCT com- 
paring IVF to expectant management (90 days) in patients 
with unexplained infertility, and reported a live birth rate of 
29% in patients treated with IVF versus 1% for expected 
management. The number needed to treat (NNT) was 4 (95% 
CI, 3-6) [25]. These results have recently been challenged by 
a cohort study conducted in the Netherlands by Brandes et al. 
The authors randomly assigned 446 couples with unexplained 
infertility to one of three treatment strategies: (a) expectant 
management (up to 2 years) followed by IUI (3-6 cycles) 
followed by IVF; (b) IUI followed by IVF; and (c) immediate 
IVF. The results showed that 81.5% of the couples achieved 
an ongoing pregnancy. Most of the pregnancies (73.9 %) were 
conceived spontaneously; although, the ongoing pregnancy 
rate was 55.9% in couples randomized to expectant manage- 
ment, 42.3 % in those treated with IUI, and 62.5% in those 
treated with IVF [26]. The authors recommended that as most 
pregnancies were conceived spontaneously, if the pregnancy 
prognosis is good, expectant management should be the ini- 
tial approach. They also suggested that prognosis criteria for 
treatment with IUI or IVF need to be investigated in RCTs. 

To provide more clarity, Pandian et al. have published 
three Cochrane reviews on the subject [22, 27, 28]. In their 
most recent review, they concluded that in couples with un- 
explained infertility, IVF was associated with a significantly 
higher clinical pregnancy rate per woman randomized com- 
pared to expectant management (OR=3.24; 95% CI=1.07— 
9.80). The live birth rate per woman randomized was also 
significantly higher (OR=22.00; 95% CI=2.56-189.37) 
[22] (Table 30.1). 


Table 30.1 Odds ratios 
and relative risk of outcome 
measures in meta-analyses 
comparing techniques 

used in the management of 
unexplained infertility 


Outcome measure 

IVF versus expectant management (CPR) 

IVF versus expectant management (LBR) 

IVF versus IUI (LBR) 

IVF versus IUI+COH (CPR) in Rx-naive women 
IVF versus IUI+COH (CPR) in pre-Rx women 
IVF versus IUI+COH (LBR) in Rx-naive women 
IVF versus IUI+COH (LBR) in pre-Rx women 
ICSI versus IVF (FR per injected oocyte) 

ICSI versus IVF (FR per retrieved oocyte) 

IVF versus ICSI (incidence of TFF) 
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IVF Versus IUI for Unexplained Infertility 


Although IVF has proven its benefit in the management of 
unexplained infertility, the technique is associated with high 
costs, multiple pregnancy, ovarian hyperstimulation (OHSS), 
and increased perinatal morbidity and mortality [29]. It has 
therefore been suggested that couples with unexplained in- 
fertility may similarly benefit from IUI with or without COH 
while avoiding these side effects. Numerous studies have 
been conducted comparing both techniques with various 
claims of success including some RCTs [30-33]. 

The updated Cochrane review published in 2012 by Pan- 
dian et al. analyzed these RCTs and concluded that there 
was no significant difference in the live birth rate between 
IVF and IUI (without COH) in the management of these 
patients (OR=1.96; 95% CI=0.88—-4.36) [22]. Similarly, 
there was no significant difference in the clinical pregnan- 
cy rate between patients treated with IVF and those treat- 
ed with IUI + COH if these patients were treatment-naive 
women (OR=1.10; 95% CI=0.60—2.03). However, in pre- 
treated women, IVF was associated with a higher clinical 
pregnancy rate compared to IUI + COH (OR= 12.78; 95% 
CI=7.54-21.65) [22]. There was also no significant differ- 
ence in the live birth rate between patients treated with IVF 
and those treated with IUI + COH if these patients were 
treatment-naive women (OR=1.09; 95% CI=0.74—-1.59), 
while in pretreated women, IVF was associated with a 
higher live birth rate compared to IUI + COH (OR=2.66; 
95% CI=1.94—-3.63) [22]. However, all these data were 
based on small studies, and the authors suggested that fur- 
ther RCTs are needed before reaching firm conclusions [22] 
(Table 30.1). 


IVF Versus ICSI in Unexplained Infertility 


As total fertilization failure (TFF) may be encountered in pa- 
tients with unexplained infertility treated with IVF due to un- 
expected problems in either the sperm or the ovum or both, it 
has been suggested that ICSI may be a more successful line of 


OR or RR (95 % CI) 

OR=3.24 (95 % CI=1.07—9.80)* 
OR=22.00 (95 % CI=2.56—189.37)* 
OR= 1.96 (95 % CI=0.88-4.36) 
OR=1.10 (95 % CI=0.60-—2.03) 
OR= 12.78 (95 % CI=7.54-21.65)* 
OR=1.09 (95 % CI=0.74-1.59) 
OR=2.66 (95 % CI=1.94-3.63)* 
RR=1.49 (95% CI=1.35-1.65)* 
RR#=1.27 (95% CI=1.02-1.58)* 
RR=8.22 (95% CIl=4.44—-15.23)* 


* Statistically significant 
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treatment [21, 34-39]. It has also been suggested that in 
those couples, splitting the oocytes between IVF and ICSI 
may help in identifying the cause of infertility besides 
achieving pregnancy. By subjecting the sibling oocytes to 
IVF and ICSI, the presence or otherwise of TFF as well as its 
origin may be determined [40—44]. 

Many studies compared ICSI to IVF in treatment of 
unexplained infertility with controversial results. Some 
studies found that ICSI was associated with higher fertil- 
ization rates compared to IVF [35, 40, 41, 45-47], while 
others found no significant difference [48]. In an attempt 
to clarify matters, Johnson et al. conducted a meta-analysis 
of RCTs and found that ICSI increases the fertilization rate 
and decreases the risk of TFF in couples with well-defined 
unexplained infertility [23]. The pooled relative risk (RR) per 
injected oocyte was higher with ICSI than with conventional 
insemination (RR= 1.49; 95% CI=1.35—1.65). The pooled 
RR of fertilization per retrieved oocyte was also higher with 
ICSI than with conventional insemination (RR = 1.27; 95% 
CI=1.02—1.58). The authors also found that the pooled RR 
of TFF was significantly higher with conventional insemi- 
nation than with ICSI (RR=8.22; 95% CI=4.44—-15.23; 
Table 30.1). The number of subjects needed to be treated 
with ICSI to prevent one case of TFF was five [23]. Whether 
ICSI is superior to IVF in terms of clinical pregnancies 
necessitates RCTs comparing the techniques in two groups 
of unexplained infertility couples. For ethical reasons, such 
a study may never be done as no clinician would like to risk 
TFF in his patients just to conduct such a study. 


Cost Effectiveness 


The cost effectiveness of any medical procedure is important 
information both from the patient’s and the service provider’s 
point of view, and the procedures used in the management of 
couples with unexplained infertility are no exception. In the 
study of Guzick et al., the estimated cost per pregnancy in 
these couples was US$ 10,000 for CC and IUI, US$ 17,000 
for HMG and IUI, and US$ 50,000 for IVF [7]. Karande 
et al. reported similar figures with each pregnancy achieved 
through immediate IVF costing US$ 57,161 compared to 
US$ 20,019 for patients undergoing their standard manage- 
ment protocol consisting of three CC cycles, followed by 
three HMG cycles followed by four IVF cycles [49]. The 
marginal cost was US$ 37,142 per pregnancy higher in the 
immediate IVF group. Similarly, in a Dutch study, Goverde 
et al. found that IUI was a more cost-effective treatment 
than IVF, with each pregnancy ending in a live birth costing 
US$ 4,511-5,710 for IUI compared to US$ 14,679 for IVF 
[30]. The marginal cost per live birth was US$ 10,168 greater 
in IVF than in IUI alone. 
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A recent study analyzed the cost-effectiveness of 
performing IVF and ICSI on sibling oocytes (split IVF-ICSI 
cycle) versus performing IVF only in couples with unex- 
plained infertility [50]. The authors found that if a single 
cycle was needed to achieve the live birth, an all-[VF-cycle is 
preferred as the incremental cost-effectiveness ratio (ICER) 
of split IVF-ICSI or all ICSI (US$ 58,766) does not justify 
the increased live birth rate (3%). If two cycles are needed, 
split IVF/ICSI is preferred as the increased cumulative live 
birth rate (3.3 %) is gained at an ICER of US$ 29,666 [50]. 

The cost of achieving one pregnancy by IVF in couples 
with unexplained infertility compares favorably with the 
cost of achieving pregnancy by IVF for other indications. 
In 2001, Collins estimated that the average cost per deliv- 
ery arising from IVF cycles performed for all indications 
was US$ 56,419 in the USA and US$ 20,522 in eight other 
countries [51]. Finally, the high cost of achieving preg- 
nancy through IVF should be considered in the light of the 
time taken to achieve this pregnancy, which is an important 
psychological landmark. In the study by Karande et al., the 
mean time taken to achieve a pregnancy (+ SD) was 6.8+3.8 
months, 5.7+5.0 months, and 5.8+4.7 months, in patients 
treated with IVF, with the standard treatment protocol of the 
authors and for patients who refused to enter in the study, 
respectively [49]. 


Conclusion 


IVF is an effective treatment for unexplained infertility. 
The clinical pregnancy and live birth rates are significantly 
higher than expectant management. It is also more effective 
than IUI in patients who received previous treatments. In 
unexplained infertility, ICSI is associated with higher fertil- 
ization rates compared to IVF and is more effective in elimi- 
nating TFF. IVF is less cost-effective than IUI but this should 
be seen in the context of time to pregnancy. 
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of Unexplained Male Infertility 


Bhushan K. Gangrade, Zamip Patel and Sejal Dharia Patel 


Introduction 


Infertility is classically defined as the inability of couples 
to conceive after 12 months of unprotected intercourse. Ac- 
cording to an estimate, more than 72 million women in the 
world are infertile and may require some form of infertility 
treatment to achieve pregnancy [1]. In the USA, approxi- 
mately 6.7 million women constituting 11% of the females 
in the reproductive age group (15—44 years) are estimated 
to have impaired fertility (Centers for Disease Control and 
Prevention, Atlanta, GA). Even though the statistical data 
and estimates record the incidence of infertility in women, 
the primary cause of infertility may be equally attributed to 
both the male and the female partner in majority (approxi- 
mately 80%) of the cases. In 10-20 % couples, both partners 
appear to have normal findings with no apparent explana- 
tion for infertility (unexplained infertility). In couples with 
unexplained infertility, suspicion often falls on undiagnosed 
female factors such as oocyte genetics, embryo grade sec- 
ondary to poor oocyte quality, implantation failure, or other 
physiological/immunological causes. It is seldom that in 
such instances the primary cause of infertility is attributed to 
the male. The treatment of couples with unexplained infertil- 
ity becomes rather difficult since at present time it is not pos- 
sible to establish the relative contributions of the male part- 
ner. This is largely due to profound difficulties which exist 
in accurate diagnosis of male infertility. Conventional semen 
analysis broadly predicts the probability of male’s contribu- 
tion toward successful pregnancy. However, the lack of func- 
tional clinical diagnostic tests makes it difficult to assign the 
primary diagnosis of male infertility especially in men with 
normal semen parameters. Unfortunately, a number of short- 
comings in the scheme of diagnosis further complicate the 
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diagnosis of men. Marked interejaculate variations in semen 
parameters [2], subjective evaluation of sperm morphol- 
ogy and progression, and wide interlaboratory variations in 
sperm assessment proficiencies further complicate the evalu- 
ation. There is also evidence that excessive inter- and intrao- 
bserver variations in sperm morphology evaluation exist that 
make it difficult for healthcare providers to have confidence 
in assigning weight to semen parameters. 

The World Health Organization (WHO) criteria for semen 
reference values [3] do not take into account functional or 
physiological defects in sperm and as a result men classified 
as normal according to semen parameters may be unable to 
impregnate their partners. Likewise in a population of men 
with recently proven fertility, a subset of men can be identi- 
fied who have sperm parameters well below WHO criteria 
[4]. It is interesting to note that WHO has repeatedly reclas- 
sified the semen analysis reference values over the last three 
decades. Semen analysis parameters of infertile men based 
initially on 1999 WHO reference criteria when reevaluated 
according to the most recent 2010 reference criteria resulted 
in some infertile men being reclassified as fertile [5]. 

The term “male factor infertility” is commonly used to 
describe infertility due to suboptimal sperm or semen param- 
eters whereas “unexplained male infertility” refers to the in- 
ability of couples to conceive when the sperm parameters are 
within the normal range and the detailed evaluation of the 
female partner reveals no apparent cause of infertility. It is 
often difficult to assign the primary diagnosis of unexplained 
male infertility to a couple. The diagnosis of unexplained 
male infertility is further suspected in certain instances in 
men, who over time have been in more than one relation- 
ship, yet despite having normal semen parameters were un- 
successful in impregnating their reproductive age partner(s). 
As mentioned earlier, normal semen parameters reduce the 
probability of male infertility but do not completely elimi- 
nate the possibility of sperm dysfunction leading to failure 
of fertilization or poor embryonic development. 

It is also important to make a distinction between two 
terms, namely, “unexplained male infertility” and “idiopathic 


335 


336 


male infertility.” In contrast to unexplained male infertil- 
ity where sperm and semen values are within normal ref- 
erence range, the term idiopathic male infertility refers to 
unexplained reduction in one or more semen parameters 
such as ejaculate volume, sperm concentration, total sperm 
count, sperm motility and progression, sperm viability, or 
sperm morphology. Idiopathic male infertility accounts for 
approximately one third of overall male infertility diagnoses 
[6]. In recent years, significant progress has been made to- 
ward understanding the regulation of spermatogenesis espe- 
cially the role of microregions on the Y chromosome in men 
with defective spermatogenesis and poor sperm parameters. 
There is a need to develop tests that in conjunction with rou- 
tine semen analyses may provide better identification of the 
underlying cause, and ultimately diagnosis and treatment of 
unexplained male infertility. 


Unexplained Male Infertility: Possible Causes 


As mentioned earlier, the obvious difficulties in assigning 
infertility diagnosis in couples with no abnormal finding 
prompts the healthcare providers to only suspect and infer 
the possible cause(s). In the following section, a brief de- 
scription on possible causes and factors that may be asso- 
ciated with unexplained male infertility is presented since 
the matter is fully covered in a previous chapter: PART III: 
Pathophysiology: Male: “Potential Male Etiologies of Unex- 
plained Male Infertility”. 


Chromosomal Abnormalities in Sperm 


Despite normal diagnostic sperm parameters in some men, 
spermatozoa may exhibit high degree of structural or nu- 
merical chromosomal aberrations. The background numeri- 
cal chromosome abnormalities in sperm of fertile men are 
between 1 and 2% whereas the background frequency of 
structural chromosomal abnormalities in these men ranges 
from 7 to 14%. In men heterozygous for different chromo- 
somal translocations, the frequencies of sperm chromosomal 
abnormalities are elevated from 33 to 92 % [7]. Infertile men 
despite having a normal somatic karyotype, exhibit an in- 
creased risk of chromosomally abnormal sperm and result- 
ing embryo. Men with normal karyotype in somatic cells but 
abnormal cell lines in the testes (germinal or gonadal mosa- 
ics) often require infertility treatment in order to impregnate 
their partners. Infertile men show higher frequency of nu- 
merical chromosomal abnormalities especially disomy for 
chromosome | and XY as determined by FISH karyotyping 
[8]. In some men, increased incidence of sperm chromosome 
aneuploidy appears to play a key role in unexplained recur- 
rent pregnancy loss [9]. 
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In recent years, techniques, such as single sperm poly- 
merase chain reaction (PCR) for sperm typing, have advanced 
our knowledge regarding meiotic recombination, errors of 
chromosome pairing, synapsis, and the production of aneu- 
ploid sperm. Interestingly, the frequency of morphologically 
abnormal sperm does not appear to correlate with abnormal 
chromosomal makeup [10-12]. It has been reported that no 
relationship exists between sperm chromosome abnormali- 
ties and sperm morphology in fertile men [13]. The dissocia- 
tion between normal sperm morphology and chromosomal 
make up is further evident from the observation that the 
frequency of both structural and numerical chromosomal 
aberrations significantly increases in cancer patient follow- 
ing radiation therapy however, in such men no increase in 
morphologically abnormal sperm is noted [14—16]. It should 
be however noted that the abnormal sperm morphology in 
above studies largely refers to subtle morphological devia- 
tions in the sperm that prompt the classification of sperm 
as abnormal. Several distinct sperm abnormalities such as 
enlarged head or small (pin) head, on the other hand have 
been definitely linked to polyploidy and aneuploidy [17, 18]. 


Paternal Age 


Unlike maternal age, the effect of paternal age on fertility 
potential in men is controversial. Even though men retain 
their fertility potential all through their life span, advanced 
paternal age may be associated with subtle decrease in male 
fertility as evidenced by lower success of IUI cycles [19- 
21]. Higher incidence of abnormal reproductive outcome 
such as pregnancy loss [22], developmental and morpho- 
logical birth defects [23], nervous system disorders [24], and 
certain types of childhood cancers [25] are associated with 
advanced paternal age. Children of men over 50 years of age 
are approximately eight times more likely to be affected with 
achondroplasia as compared to those fathered by younger 
(25-29 years) males. Older men (>50 years) also have a 
9.5-fold higher risk of having children diagnosed with Apert 
syndrome than younger men [26]. A significant increase in 
nondisjunction of sex chromosomes, frequency of chromo- 
somal breaks and autosomal translocation in older men has 
been reported [27]. It seems plausible that high frequency 
of chromosomal aberrations in sperm in some men might be 
the underlying cause of unexplained infertility and recurrent 
pregnancy loss. 


Sperm DNA Damage 
The integrity of both the maternal and the paternal genome 


in gametes is of utmost importance for successful pregnancy 
and the birth of genetically normal progeny. The DNA is 
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tightly packaged in sperm head in such a way that the volume 
occupied by sperm chromatin is less than 10% of a somatic 
cell. This compaction of sperm chromatin confers a high de- 
gree of protection to the genome from genotoxic factors and 
thus conserves the integrity of the paternal DNA. In order 
to attain this supercompaction of sperm chromatin, histones, 
the predominant protein component of chromatin in somatic 
cells, are largely replaced by protamines. The compaction 
of the sperm chromatin takes place during the postmeiotic 
phase of spermatogenesis. Despite the protection conferred 
to the sperm chromatin by compaction, several intrinsic and 
extrinsic factors are capable of damaging the sperm DNA. 

It is well known that in women fertility declines when 
the oocytes exhibit high incidence of genetic abnormalities 
especially chromosomal aberrations with advancing age. In 
contrast to the decline in fertility in women, the effect of 
DNA damage in sperm and its role in fertility in the male 
has been less clear. Men with proven fertility have low levels 
of DNA damage in spermatozoa whereas infertile men es- 
pecially with abnormal semen parameters exhibit increased 
DNA damage. Approximately 8% of infertile men with nor- 
mal sperm parameters show high incidence of DNA dam- 
age in sperm [28-30]. Moreover, when approximately 30% 
of the sperm exhibit DNA damages; it may be the cause of 
infertility in the male [31, 32]. The fertilizing capability of 
spermatozoa with high degree of DNA damage does not ap- 
pear to be compromised, however, poor embryonic develop- 
ment and high rate of miscarriage in such couples seem to 
reflect the importance of the integrity of sperm DNA [33, 
34]. According to a recent report [35], the negative effect 
of sperm DNA damage on pregnancy and live birth rate is 
also evident in patients undergoing IVF. Men with <25% 
DNA fragmentation had a live birth rate of 33% as com- 
pared to couples with >50% DNA fragmentation (13 % live 
birth rate). In contrast, in men undergoing IVF with intracy- 
toplasmic sperm injection (ICSI) there was no difference in 
the live birth rate in high DNA fragmentation (> 50%) group 
versus low DNA fragmentation group (<25%) [35]. It thus 
appears that sperm DNA damage may be less informative in 
couples undergoing ICSI since this technique of fertilization 
bypasses the natural selection barriers like sperm—zona bind- 
ing, acrosome reaction, and fusion. 

Based on evidence suggesting high incidence of sperm 
DNA damage in unexplained male infertility, diagnostic 
testing for sperm DNA integrity in addition to conventional 
semen analysis may provide a better measure of male fer- 
tility potential than semen analysis alone. There are several 
tests to evaluate DNA damage in spermatozoa. These in- 
clude sperm chromatin structure assay (SCSA), single-cell 
gel electrophoresis assay (Comet assay), terminal deoxy- 
nucelotidyl transferase-mediated dUTP-nick end-labeling or 
“TUNEL” assay. Other assays to determine sperm chromatin 
integrity such as sperm nuclear maturity test, nuclear protein 
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composition assay, and DNA oxidation assay are also avail- 
able [30]. Despite differences in the principle and methodol- 
ogy in these assays, there is general consensus in the results 
achieved. 


Oxidative Stress 


Reactive oxygen species (ROS) are produced during normal 
cellular metabolism and play an important role in cell signal- 
ing and homeostasis. The production of free oxygen radicals 
in sperm bears immense physiological importance in terms 
of cAMP-mediated tyrosine phosphorylation associated 
with sperm capacitation. Supraphysiological concentrations 
of free oxygen radicals on the other hand cause irreversible 
damage to sperm DNA. Oxidative stress is defined as im- 
balance between the prooxidant and antioxidant ratio caused 
by limited availability of fewer antioxidants in relation to 
excessive amounts of oxidizing agents such as free oxygen 
radicals. Seminal plasma is rich in several antioxidant mole- 
cules (such as glutathione peroxidase, superoxide dismutase, 
ascorbic acid, alpha-tocopherol, and hypotaurine) secreted 
by the male reproductive tract [36, 37] that protect the sperm 
from the oxidative stress caused by ROS. Presence of high 
numbers of white blood cells in the semen results in exces- 
sive production of ROS which can cause damage to sperma- 
tozoa. High levels of ROS exert the detrimental effects on 
sperm at two levels viz. sperm membrane and sperm DNA. 
At the membrane level, ROS cause peroxidation of lipids in 
the acrosome membrane resulting in loss of fluidity [38]. Ex- 
cessive production of ROS in semen can also reduce acrosin 
activity [39] and block sperm—oocyte interaction [40—42]. 
At the level of nuclear DNA, free radicals have the ability 
to attack nucleic acids and deoxyribose backbone causing 
structural damage. There is a large body of evidence suggest- 
ing a correlation between oxidative stress and sperm DNA 
damage [43-47]. 


Infections 


There is evidence to implicate certain infections of the male 
reproductive tract (especially sexually transmitted diseases) 
as a cause of infertility, however, the relevance of subclinical 
infections in the etiology of male infertility is less clear [48]. 
There is some evidence that acute Chlamydia infections may 
be associated with low sperm counts and abnormal sperm 
morphology [49]. The incidence of leukocytospermia in 
otherwise normospermic men may indicate asymptomatic 
subclinical genital tract infection and may lead to excessive 
production of reactive oxygen species (ROS) by white blood 
cells. The link between leukocytopsermia, excessive genera- 
tion of ROS and infertility is well documented [50-52] and 
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deserves attention while treating couples with unexplained 
infertility. 

The role of antibiotic treatment in resolution of leukocy- 
tospermia has been advocated [53] as well as refuted [54]. 
In couples with unexplained infertility where men with oth- 
erwise normal semen analyses exhibit leukocytospermia, 
antibiotic treatment of males has been shown to result in 
significant improvement in pregnancy rates [55]. Improve- 
ment in semen quality and fertility in men with clinically 
suspected bacterial infections [56] has been reported. Even 
though there is lack of direct evidence to associate myco- 
plasma infections with male infertility, it has been reported 
that 85% of men with infertile marriages of unexplained 
cause had semen cultures positive for ureaplasma compared 
with 23% of fertile controls [57]. Additional studies on 
empiric treatment of infertile men might shed more light 
on the efficacy of antibiotic therapy in unexplained male 
infertility. 


Diseases 


Certain diseases in men can also alter reproductive func- 
tions and indirectly impair or reduce fertility. Metabolic dis- 
orders have wide effects on various organ systems including 
the reproductive system. There is evidence that spermato- 
genesis is affected by diabetes and that the diabetic patients 
have reduced sperm motility and semen volume [58, 59]. 
Sexual dysfunctions such as erectile and ejaculatory prob- 
lems arising due to vascular and neuropathic causes further 
add to fertility impairment. There is also evidence that sug- 
gests that diabetes impairs spermatogenesis by affecting 
hypothalamo—hypophyseal—gonadal axis [60, 61]. Studies 
involving sperm nuclear and mitochondria DNA in men 
with insulin-dependent diabetes mellitus revealed increased 
nuclear DNA fragmentation and mitochondrial DNA dele- 
tions in sperm from diabetic males [62]. In addition, the de- 
letions in mitochondrial DNA of sperm as noted in diabetic 
men are associated with impaired sperm motility and male 
infertility [63—65]. 

Some men with celiac disease suffer from reversible 
androgen resistance and testicular dysfunction [66, 67]. 
Studies on married men with celiac disease reveal that high 
percentages (20%) of couples have infertile marriages. It 
has been reported that semen analysis in men with Crohn’s 
disease show significant abnormalities in sperm morphol- 
ogy and motility. Interestingly a marked improvement in 
sperm morphology in celiacs following removal of dietary 
gluten was observed [67]. It should be noted that a recent 
report however found no correlation between the fertility 
potential in men with celiac disease and their age matched 
controls [68]. 
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Fertilization Failure 


Standard semen analysis has a limited ability to predict nor- 
mal fertilization in vivo or by in vitro insemination of oo- 
cytes in IVF setting. Introduction of strict sperm morphology 
criteria [69] was offered as a means to enhance the diagnos- 
tic value and predictability of fertilization, however its effi- 
cacy in such prediction has been both supported and refuted 
[70-73]. 

Calcium ions play an important role in the process of 
sperm—oocyte fusion. There is evidence to show that cal- 
cium channel blockers used as antihypertensive medication 
in men can cause failure of fertilization in IVF setting. The 
spermatozoa in normospermic men taking calcium antago- 
nists do not express head-directed mannose-ligand receptors 
and also fail to undergo spontaneous acrosome loss [74]. The 
inhibition of sperm fertilizing potential appears to be medi- 
ated through insertion of lipophilic calcium channel blockers 
into the lipid bilayer of the sperm plasma membrane. 

Failure of fertilization may occur in 5-10 % of IVF cycles 
and may result from abnormal sperm parameters or poor o0- 
cyte quality [75, 76]. In approximately 56% of the fertiliza- 
tion failures, there is no obvious oocyte anomaly but sperm 
fail to bind to the zona pellucida [77]. In a study, sperm 
proteomic profiles of patients with complete failure of fer- 
tilization and no sperm binding to the zona pellucida was 
compared with controls who exhibited normal fertilization. 
Differential expression of at least 14 proteins was record- 
ed of which two (Laminin receptor LR67 and L-xylulose 
reductase) may play a role in sperm—egg interaction [77]. 
Beta-defensin 126 is a glycosylated protein that is encoded 
by DEFB126 gene present on chromosome 20. The beta- 
defensin is secreted in the epididymis and adsorbed on the 
sperm surface. This polypeptide has been implicated in im- 
munoprotection as well as penetration of sperm through cer- 
vical mucus. Sequence variation in DEFB126 gene involv- 
ing a two-nucleotide deletion results in abnormal mRNA 
and ultimately defective polypeptide. In a prospective study 
including married couples where men were found to be ho- 
mozygous for the variant sequence of DEFB126 gene, it 
took longer to achieve pregnancy and live birth than control 
population [78]. 

The clinical significance of antisperm antibodies in 
male infertility remains controversial [79—81]. The reason 
for a lack of consensus on the role of sperm antibodies in 
infertility appears to be largely due to a large number of 
variables and testing methods. Variables such as types of 
immunoglobulins (IgA, IgG, IgM), location (sperm head 
or tail), effect (agglutination, immobilization, cytotoxicity), 
and the lack of standard methods to quantify the antibodies 
make such assessment difficult. Most studies however, have 
demonstrated a direct association between sperm surface 
antibodies and the fertility potential of the male [82-84]. 


31 Role of Assisted Reproduction Techniques in the Management of Unexplained Male Infertility 


Immunologic infertility due to sperm surface antibodies can 
result from impaired sperm transport, destruction of pre- and 
postmeiotic germ cells and gametes, and acrosome reaction 
abnormalities by inhibiting sperm—oocyte interaction [85]. 
Undoubtedly, absolute failure of fertilization or suboptimum 
fertilization may be the primary cause of infertility in some 
couples with unexplained male infertility. This possibility 
should be explored especially in couples who had multiple 
inseminations and despite high normal semen reference val- 
ues have failed to achieve pregnancy. 


Behavioral and Environmental Factors 


There is growing body of evidence that lifestyle behaviors as 
well as environmental factors are intricately involved with 
their direct or indirect effects on human sperm. Exposure to 
cigarette smoke, alcohol, caffeine, and environmental pol- 
lutants is known to negatively affect male fertility [86, 87]. 
It is well established that cigarette smoke is enriched with 
mutagens, carcinogens, and oxidants. Adverse effects of 
smoking as well as passive smoke inhalation on male fer- 
tility and semen quality have also been extensively studied 
[88, 89]. There is some evidence that sperm parameters such 
as concentration, motility, progression, and possibly mor- 
phology are also negatively affected in smokers [90, 91]. A 
significant and dose-dependent reduction in sperm motility 
averaging 22% in smokers as compared with nonsmoking 
men strongly indicates the deleterious effect of smoking on 
semen quality [92]. Sperm from men who smoke nicotine 
possess higher levels of DNA strand breaks [93]. The altera- 
tion in sperm chromatin structure may not only affect fertil- 
ity potential in the male but also predisposes the offspring to 
greater risk of malformations, cancers, and genetic diseases. 
Cigarette smoke contains high levels of oxidants. It also ad- 
versely affects plasma and tissue levels of antioxidants such 
as tocopherol and ascorbate. The reduced levels of protective 
antioxidants in tissues and plasma appear to induce further 
damage to sperm DNA [94]. Despite the strong correlation 
between smoking and semen quality, there is no evidence to 
warrant that sperm parameters in smokers fall significantly 
below normal reference range. It is however possible that, 
men in lower range of normal reference values for semen 
may be affected to induce enough DNA damage in sperma- 
tozoa to impair or reduce fertility. 

There is an ample evidence to suggest that exposure to 
environmental pollutants introduced and spread by human 
activities contributes to reproductive problems often leading 
to decrease in fertility potential [95]. The detrimental effect 
of these chemicals on fertility may be more pronounced and 
apparent in men with borderline semen parameters. Pollut- 
ants often affect spermatogenesis by disturbing the endocrine 
pathways, namely, hypothalamo—hypophyseal—gonadal axis. 
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However, there is some evidence suggesting direct effect of 
chemical pollutants on sperm cells. Men exposed to poly- 
chlorinated biphenyls and_p,p’-dichlorodiphenyldichloro- 
ethylene (p,p’-DDE) exhibit increased rates of chromosomal 
aberrations especially sex—chromosome disomy [96] and 
this may result in reduced fertility. Polychlorinatedbiphenyls 
(PCBs) that were widely used (but have been banned now) 
in coolants, capacitors, transformers, and electrical motors 
adversely affect sperm motility while certain pesticides such 
as DDT and organophosphates affect sperm count. Exposure 
of men to phthalates which are ubiquitously present in plas- 
tics and many industrial and consumer products can occur 
by oral route or dermal absorption. It has been shown that 
phthalate esters impact sperm count and motility in men 
and this effect is linked to phthalate levels [97]. There also 
exists a relationship between urinary concentrations of cer- 
tain phthalate metabolites (such as monoethy! phthalate and 
mono-(2-ethylhexyl) phthalate) and sperm DNA damage 
among men seeking infertility treatment [98]. Exposure to 
heavy metals has also been linked to male infertility due to 
sperm oxidative damage and testicular cell apoptosis [99]. A 
significant decrease in fertility associated with higher mis- 
carriage rate has been observed in the partners of men work- 
ing in lead battery factory suggesting the detrimental effects 
of heavy metals on reproductive success [100]. 


Urologic Workup and Treatment Options 


As mentioned earlier, semen analysis is often used as the pri- 
mary diagnostic test for the evaluation of the fertility poten- 
tial of the male. Despite normal reference values for various 
semen parameters, 8-30% of males may have male factor 
infertility [101]. Furthermore, what is considered “normal” 
with regards to semen parameters has changed significantly 
over time since the WHO put forth its first guidelines in 1987 
[102]. 

Many couples with unexplained infertility may have sub- 
fertile variants that, once identified, may be then used to 
aid in reproductive outcomes. To understand the utility of 
searching for such variants, it is necessary to identify the dif- 
ference between semen parameters and sperm parameters. 
Although the recent 5th edition of the WHO guidelines 
[103] is useful in determining norms among fertile men, it 
is important to realize that these guidelines identify trends 
among populations of spermatozoa rather than an individual 
sperm’s ability to allow for fertilization or that individual 
sperm’s DNA’s ability to complement appropriately with the 
oocyte counterpart. In order to further elucidate the proper- 
ties of the sperm—oocyte interface, a series of tests have been 
developed to aid in diagnosis and therapy for men that may 
have a defect in one or all of these interactions. 
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One of those interactions pertains to the integrity of sperm 
DNA to withstand the process of unwinding and undergoing 
recombination. DFI testing, as outlined earlier, is a diagnos- 
tic index to assess this process. Though standardizations of 
the various assays have made interpretation difficult [104] 
abnormal results may have clinical consequences [105]. Al- 
though the mechanism underlying increased nuclear DNA 
damage in sperm from normozoospermic infertile men is 
unclear, it has been proposed that inherent defects in sperm 
chromatin packaging may not be associated with other stages 
of sperm development or maturation, and thus normozoo- 
spermic men may have a fundamental defect allowing for 
early embryo loss [106]. In cases of recurrent early ICSI/IUI 
failures and high DFI values, testicular extraction combined 
with ICSI have yielded improved pregnancy success [107]. 

Another clinically useful evaluation in the workup of the 
normozoospermic infertile male is an evaluation of ROS 
[108]. High ROS may lead to only mild changes in semen 
parameters but may ultimately lead to loss of integrity within 
the sperm nucleus [43]. High ROS may be secondary to in- 
herent defects in oxidative enzymes in the testicle or second- 
arily to increased insult from pyospermia or gonadotoxins 
[109]. 

Antioxidants may be helpful, though there is limited evi- 
dence supporting their clinical utility [110]. The most com- 
monly implicated are L-carnitine, vitamin C, D3, E, folic 
acid, zinc, and selenium. However, the nutraceutical with 
perhaps most robust data supporting use is coenzyme Q10, 
which has been shown to reduce ROS and improve semen 
parameters as well [111, 112]. In men with persistently high 
ROS, testicular sperm extraction may be necessary. 

Idiopathic asthenozoospermia may have a multitude of 
causes and likely reflects a wide range of disorders. At pres- 
ent due to lack of an alternative treatment approach, isolated 
genetic defects (e.g., glutathione s-transferase gene polymor- 
phisms) or other sperm deficits can only be treated by assist- 
ed reproduction—most often ICSI [113, 114]. Although the 
spectrum of diseases that leads to a diagnosis of idiopathic 
asthenozoospermia has yet to be delineated, there is promise 
of more directed therapies addressing fundamental defects in 
sperm that may lead to spontaneous return of reproductive 
potential in the future [115]. 

In similar fashion, isolated idiopathic teratozoospermia 
may likewise be problematic to treat in a clinical arena. 
However, the clinical importance of teratozoospermia re- 
mains elusive, as the normal thresholds listed in the most 
recent WHO manual [103] suggest even traditionally very 
low strict morphologies may still be compatible with sponta- 
neous pregnancy. In essence from urologist’s point of view, 
at present there are limited treatment options for the manage- 
ment of unexplained male infertility. The referral of couples 
to reproductive endocrinologists and treatment by IVF with 
ICSI appears to be the most effective strategy. 
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Management of Infertile Couple with Suspicion 
of Unexplained Male Infertility: A Reproductive 
Endocrinologists Approach 


Management of a couple who presents with unexplained in- 
fertility typically is focused on an empiric approach that se- 
quentially gets more aggressive until pregnancy is achieved. 
A diagnosis of unexplained infertility is assigned to a couple 
who has completed an infertility workup including hystero- 
salpingogram, documentation of ovulatory function, and 
ovarian reserve, and an assessment for other etiologies (i.e., 
endometriosis, PCOS) as clinically appropriate for the fe- 
male patient [116] with no abnormal findings. The male part- 
ner should have undergone a semen analysis which shows 
semen and sperm parameters within normal reference values. 
The initial treatment approach involves discussion aimed at 
optimizing the couples’ fertility through natural means (opti- 
mizing their BMI, cessation of tobacco, alcohol) [116]. 

Although estimates will vary, the percentage of couples 
with unexplained infertility is between 10-15% [117]. 
Couples with unexplained infertility are affected by both 
decreased and delayed fecundity. Average cycle fecundity 
in couples with a diagnosis of unexplained infertility is sig- 
nificantly low in nonrandomized studies [118]. Treatment is 
therefore designed to empirically improve low cycle fecun- 
dity and includes expectant management, controlled super- 
ovulation with IUI and in vitro fertilization. 


Expectant Management 


The likelihood of pregnancy without treatment among cou- 
ples with unexplained infertility is suboptimal compared to 
the fertile population but cumulative data provides cautious 
optimism. Cumulative pregnancy rates range between 30 
and 80% over 3 years [116]. This large variation is due to 
differences in female age and the duration of infertility. A cu- 
mulative pregnancy rate of 50-80% as a function of female 
age has been reported. When calculated as a function of the 
duration of infertility over 3 years, the cumulative pregnancy 
rate is between 30 and 80% [119]. 


Controlled Superovulation with Intrauterine 
Insemination 


In an ovulatory female with a partner whose semen analysis 
is within the normal range, controlled superovulation with 
TUI is an effective therapeutic modality. Intrauterine insemi- 
nation (IUI) using male partner’s ejaculated sperm is one of 
the first lines of treatment for certain types of infertility in- 
cluding unexplained infertility. It is an inexpensive and mini- 
mally invasive technique that offers successful outcome in a 
fraction of couples seeking infertility treatment. The success 
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of IUI depends on several variables including female age, 
etiology of infertility, and importantly sperm parameters. 

Even though there appears to be some disagreement on 
the predictive value of normal sperm morphology on IUI 
success, majority of the reports are in favor of a strong cor- 
relation [120]. The number of motile sperm in insemination 
fraction is another important variable that is positively corre- 
lated with the pregnancy rate following IUI. The inseminat- 
ing motile count (IMC) of less than 1 x 10° is highly predic- 
tive of IUI failure. [121]. 

For couples with normal seminal parameters and the di- 
agnosis of unexplained infertility, pregnancy rates following 
artificial insemination (IUI) do not significantly improve 
when compared with traditional timed coitus [122]. There is 
a small benefit when using oral ovulation induction medica- 
tion in addition to IUI [118]. This is further confirmed with 
the utilization of gonadotropin superovulation with IUI, in 
that IUI increases pregnancy rates (31%) over gonadotropin 
stimulation alone (19%) [123]. Couples with unexplained 
infertility achieve most benefit in terms of pregnancy by 
undergoing three controlled superovulation cycles with IUIs 
[124]. IUI in couples with antisperm antibodies is not as ef- 
fective since the intrauterine placement of prepared sperma- 
tozoa does not alter the distribution or the adverse action of 
antisperm antibodies [125]. 


In Vitro Fertilization 


IVF is a treatment modality that is advocated by many clini- 
cians based upon classical literature for the management of 
unexplained infertility. As compared to IUI, IVF enables a 
clinician to further diagnostically assess whether there is an 
anatomic factor preventing transport of the oocyte, an oo- 
cyte-sperm binding obstruction, or suboptimal functional 
embryo quality. It may even lend suspicion to unexplained 
male infertility in addition to providing a strong therapeutic 
benefit. According to the Society for Assisted Reproductive 
Technology (SART) in USA, in 2010 pregnancy rates from 
IVF were 47.8% per embryo transfer in women under age 
35 (www.sart.org). 

In patients with unexplained infertility, IVF will enable 
a couple to shorten their time to pregnancy [126]. ICSI as 
discussed below will enable correction of fertilization im- 
pairment or occurrence of antisperm antibodies. The trend 
for the management of unexplained male infertility is toward 
the utilization of IVF with ICSI. 


The Role of the Laboratory in the Management 
of Unexplained Male Infertility 


The involvement of the reproductive laboratory in the diag- 
nosis and treatment of male infertility starts with the stan- 
dard semen analysis. The etiology of infertility and treatment 
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options for couple, to a large extent depend on the semen 
analysis report and information provided by the laboratory 
to the physician. It is important to implement a good qual- 
ity control and quality assurance (QC/QA) program in the 
andrology laboratory in order to have uniform high standard 
of accuracy and reproducibility. The periodic evaluation 
of intra- and intertechnician variability in semen analysis 
should be an integral part of QC/QA. Accurate semen analy- 
sis by the laboratory facilitates the physicians to counsel the 
couples on their treatment plan. 

As mentioned earlier, when the semen values are within 
normal reference range on at least two occasions and female 
infertility has been ruled out by the reproductive endocrinol- 
ogist, the diagnosis of unexplained infertility seems logical. 
A detailed history of male partner to rule out occupational, 
environmental, or behavioral exposures to substances or 
chemicals that may cause excessive damage to sperm DNA 
is essential. The treatment of unexplained infertility often in- 
volves IUI using partner’s sperm. The ejaculated spermato- 
zoa are washed to remove seminal plasma prior to insemina- 
tion. The simple washing procedure involves centrifugation 
of culture medium-diluted liquefied semen. The resulting 
sperm pellet consists of the mixed population of motile, non- 
motile, and dead sperm. In addition to round cells, epithelial 
cells, and leukocytes may also be present in varying num- 
bers. Leucocytes are a potent source of free oxygen radicals 
which in the tight vicinity of spermatozoa in the washed pel- 
let may cause oxidative damage in sperm DNA [127]. Simple 
washing of sperm is therefore not recommended especially 
if there is concern to avoid the ROS-induced DNA damage 
in sperm. Several other sperm preparation methods such as 
swim up, gradient separation, glass-wool filtration, etc. are 
also used to separate motile sperm population from other 
cellular and nonmotile sperm fraction. Swim up of sperma- 
tozoa directly from liquefied semen avoids the initial cen- 
trifugation of semen to form a tight sperm pellet and close 
contact of motile sperm with ROS-producing cells. Use of 
density gradients for isolating motile sperm has gained wide 
acceptance in reproductive laboratories largely due to high 
recovery and yield. Density gradient separation of sperm ef- 
fectively removes the majority of white blood cells and other 
cellular debris and produces highly motile sperm fraction for 
IUI or IVF. The choice of sperm wash method by the labora- 
tory is critical and various semen parameters in the prewash 
sample as well as the end use of washed sperm (IUI, IVF, or 
ICSI) are taken into consideration in choosing the method. 
As noted in the earlier section, IUI may provide a cost-effec- 
tive first approach toward the treatment of unexplained infer- 
tility with pregnancy rates in the range of 12-15%. Majority 
of the patients, who are unsuccessful in achieving pregnancy 
after 3—4 inseminations proceed to in vitro fertilization as 
the next step in treatment. In women with multiple failed 
IUIs, the possibility of fertilization failure and insemination 
of oocytes by ICSI should be discussed. In the event, a fair 
number of oocytes are retrieved, split insemination by IVF 
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and ICSI can be offered. This strategy insures fertilization 
by ICSI in case oocytes inseminated by standard IVF fail to 
fertilize. Alternatively if the standard insemination results in 
fertilization, the couple will not require ICSI in future IVF 
attempts. 

The development of the techniques of ICSI has revolu- 
tionized the management of male infertility and essentially 
rendered other modalities of male infertility treatment rela- 
tively inefficient and outdated. ICSI involves the injection of 
a single viable sperm into the ooplasm of the mature oocyte. 
Spermatozoa irrespective of the source (ejaculate, testis, and 
epididymis) are highly effective in fertilizing the eggs fol- 
lowing ICSI. Sperm attributes such as morphology, motility, 
and progression exert little effect if any, on the rate of fertil- 
ization of sperm-injected oocytes. Broadly speaking, the via- 
bility of the sperm used for injection is the main determinant 
for successful fertilization. Even though ICSI was initially 
offered as a treatment modality for male factor patients, it 
has been successfully employed to treat couples with immu- 
nological infertility, unexplained infertility, and those with a 
history of failed fertilization. As mentioned earlier, presence 
of antisperm antibodies in either partner may adversely affect 
sperm motility, sperm transport through female reproductive 
tract and ultimately sperm—zona binding/fusion. Insemina- 
tion using ICSI bypasses these initial obstacles, and results in 
high fertilization and pregnancy rates [128, 129]. In a study 
[130], patients with a history of failed fertilization were of- 
fered a repeat cycle with random splitting of oocytes for ICSI 
and IVF. Insemination by ICSI resulted in normal fertiliza- 
tion rate of approximately 63 %. None of the sibling MII oo- 
cytes which were inseminated by standard IVF with a higher 
concentration of sperm than in previous attempt showed 
normal zygote formation. In couples undergoing IVF for 
unexplained infertility, fertilization rate of oocytes by ICSI 
appears to be higher than standard insemination [131, 132]. 

It has been suspected that spermatozoa may carry struc- 
tural defects that may not be detected at standard optical 
magnification (200-400x) commonly used for ICSI. Sper- 
matozoa that appear normal at this magnification may in fact 
carry subtle ultrastructural alterations in the head, middle 
piece, or tail. Bartoov et al. [133] reported that it is possi- 
ble to detect such defects in motile sperm at higher mag- 
nification (6600x). This technique, “motile sperm organel- 
lae morphology examination (MSOME)” was later used by 
Hazout et al. [134] to identify and select normal sperm for 
ICSI at 6000x magnification. This modified ICSI technique 
was called intracytoplasmic morphologically selected sperm 
injection (IMSI). These investigators reported significant 
improvement in pregnancy outcome in patients undergoing 
IMSI as compared with those with previous failed ICSI at- 
tempts. In another prospective randomized study [135] to 
compare the efficacy of ICSI with IMSI, 446 couples were 
divided into two groups. IMSI resulted in a significant high- 
er clinical pregnancy rate (39.2%) as compared with ICSI 
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(26.5%). Interestingly, approximately 30% of the patients 
with multiple previous failed attempts undergoing IMSI had 
clinical pregnancy as compared with 13 % who had standard 
ICSI method for fertilization. Patients in the IMSI group also 
exhibited significantly decreased miscarriage rate (17.4%) 
as compared to ICSI group (37.5%). Additional studies to 
support the effectiveness of IMSI over ICSI are needed. 

Due to superior fertilization rate and avoidance of the 
probability of total fertilization failure, some clinics offer 
ICSI as the only technique for fertilization of oocytes fol- 
lowing oocyte retrieval. This approach however has not been 
embraced by the majority of the assisted reproductive clinics 
and ICSI is reserved for patients based on the clinical history 
and semen parameters. 


Conclusion 


Unexplained male infertility is a condition that is difficult to 
diagnose with certainty and often is the last resort in terms of 
assigning an etiology as the cause of infertility. Significant 
advances have been made in recent years that have helped 
to elucidate the mechanisms of sperm DNA damage and 
structural chromosomal aberrations leading to male infertil- 
ity. The realm of unexplained male factor infertility dwindles 
with each molecular advance into the workings of sperm, and 
likewise does the clinical acumen in determining treatment 
modalities that may benefit patients in a more cost-effective 
and beneficial way than immediately shunting then to assist- 
ed reproduction. Even though there is no evidence to support 
the effectiveness of dietary supplements or vitamins on male 
fertility, supplements containing antioxidants like vitamin 
E and C, selenium, beta-carotene, and other micronutrients 
like zinc, amino acids such as L-carnitine, B-multivitamins, 
and coenzyme Q10 may be helpful in improving fertility po- 
tential in men. We are in our infancy in determining many 
of the causes of unexplained infertility, and so our options 
are limited in providing management options other than as- 
sisted reproduction. Advances in the field of male infertility 
testing and development of new diagnostic and therapeutic 
pathways in future may improve outcomes. At present for 
couples with unexplained infertility, [UIs and if not success- 
ful, in vitro fertilization seems to be the preferred approach. 
Patients with unexplained male infertility may benefit from 
IVF with ICSI if fertilization failure is suspected as the cause 
of infertility. 
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Stem Cell Biology 


During a man’s reproductive life, a pool of spermatogonial 
stem cells (SSCs), or germ cells, undergo self-renewal and 
differentiation to produce sperm through spermatogenesis. 
Fetal spermatogonia transform into adult dark spermatognoia 
(Apart). These Apax cells are diploid SSCs which have the 
ability to undergo self-renewal and differentiation. Through 
the process of asymmetric division, they are able to replace 
themselves and produce a differentiated progenitor daughter 
cell. These progenitor daughter cells are known as adult pale 
(Apaie) spermatogonia. Apale cells produce B spermatogonia, 
and these spermatogonia can proliferate and differentiate to 
form spermatocytes. Spermatocytes undergo meiosis to form 
haploid spermatids that eventually mature into spermatozoa. 
The progression from the initial diploid SSC to the haploid 
spermatid to the mature spermatozoa takes approximately 64 
days [1]. 

The male germline stem cells are able to produce sperm 
through the lifetime of an adult. Additionally, these stem cells 
are capable of indefinite self-renewal, making them ideal for 
therapeutic use. Harvesting the power of these stem cells 
and using them to grow sperm using in vitro would provide 
significant therapeutic options for men with unexplained 
infertility. To further understand the processes behind sper- 
matogenesis and stem cells, several in vivo and in vitro 
models have been designed to recreate the testis environment. 


In Vivo Studies 
The differentiation and sell-renewal capability of germ cells 


is regulated by gene expression and external signals from the 
microenvironment, often referred to as a niche, in which the 
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stem cell resides. Within the testis, the niche consists of 
Sertoli, Leydig, and peritubular cells. Each cell type plays 
a role in maintaining and regulating stem cells. Sertoli cells 
form the blood-testis barrier and secrete numerous factors 
such as growth factors, steroids, androgen binding protein, 
and extracellular matrix components that help to regulate 
spermatogenesis [2]. Leydig cells, following stimulation by 
luteinizing hormone, produce androgens that are necessary 
for the regulation of spermatogenesis and the development 
of secondary sexual characteristics. Peritubular cells have 
contractile function and secrete substances that serve to 
modulate Sertoli cell function. /n vivo models utilize this idea 
of a niche to promote germ cell maturation and spermatogen- 
esis. Two such models include the SSC transplantation and 
the xenograft model. 


Spermatogonial Stem Cell Transplantation 


SSCs can maintain the stem cell population and produce 
progeny cells leading to mature spermatozoa. Transplan- 
tation of these cells occurred in 1994 in a breakthrough 
study conducted by Brinster and Zimmerman in which they 
devised a technique for transplanting SSCs and demonstrated 
their ability to undergo spermatogenesis. They transferred 
SSCs from donor mice into mice treated with chemotherapy, 
generating germ cell aplasia. However, the cells making up 
the testicular niche, such as the Sertoli cells, were resistant 
to the effects of the chemotherapy. When the SSCs were 
injected into the seminiferous tubules where it is believed 
they established themselves in the functional niche along 
the seminiferous epithelium, they were able to proliferate 
and differentiate, thereby restoring spermatogenesis in the 
recipient. They were able to successfully restore spermato- 
genesis following this transplantation using the both fresh 
and cryopreserved donor SSCs. Spermatogenesis in the 
recipient mice showed normal morphology and produced 
mature spermatozoa [3]. This initial model has paved the way 
for the potential use of SSCs in the restoration of fertility, 
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especially in males who have undergone chemotherapy and 
radiation for the treatment of cancer. 

This model has been expanded to other animals, including 
rats [4], dogs [5], goats [6], and primates [7]. Additionally, 
this technique has been further studied in terms of its ability 
to produce functional sperm that result in the production 
of live offspring. Goossens et al. demonstrated that SSC 
transplanted mice can produce live offspring; however, the 
litter sizes following in vivo conception were smaller than 
those obtained by control mice with normal fertility [8]. 
Fertilization rates after in vitro fertilization (IVF) were also 
reduced. Goossens et al. sought to identify possible reasons 
for reduced fertility rates in SSC transplanted mice and dem- 
onstrated that post-transplantation mice had a lower concen- 
tration of spermatozoa with reduced motility compared to 
controls [9]. 

Further advances of this model offer the possibility of its 
use in humans as a means of restoring fertility. One poten- 
tial clinical application could be the preservation of fertility 
in prepubertal cancer patients. While postpubertal can- 
cer patients have the ability to cryopreserve sperm before 
receiving chemo or radiation therapy, prepubertal patients 
cannot. The use of SSC transplantation offers a method of 
preserving fertility by harvesting SSCs prior to therapy, and 
reintroducing them at the appropriate time after completion 
of therapy. 

While this model has significant potential clinical benefits, 
there are still several barriers to its use in humans. One such 
barrier is that the number of SSC that can be harvested from 
prepubertal testis is low and be insufficient to restore fertility 
upon transplantation [2]. The work by Sadri-Ardekani et al. 
has demonstrated the ability to culture and propagate human 
postpubertal SSCs, allowing for the opportunity to expand 
an SSC population before transplantation [10]. However, it 
is not yet known whether prepubertal cells will behave the 
same way. Another risk to utilizing this model in humans is 
that autologous SSC transplantation back into a patient who 
has been treated for cancer may result in the transplantation 
of malignant cells. One possible method of surpassing this 
limitation is through the use of flow cytometry. Fujita and 
colleagues isolated SSCs from leukemic mice and used flow 
cytometry to enrich for germ cells positive for H-2Kb/H- 
Kd and negative for CD45 (leukemic surface marker). They 
transplanted germ cell enriched fractions into mice treated 
with alkylating agents. The SSCs colonized successfully and 
the recipient mice survived to produce progeny. Transplanta- 
tion without flow cytometry enrichment resulted in all trans- 
planted mice developing leukemia [11]. While this method is 
promising, it is still not considered safe enough to allow SSC 
injections for humans. 

SSC transplantation offers a potential therapy to unex- 
plained male infertility (UMI), however more work remains 
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to be done. Future work to be done includes analysis of risks 
to offspring obtained from SSC transplantation, methods of 
safely isolating SSCs from malignant cells, and the role of in 
vitro expansion of SSC populations. 


Xenograft Transplantation Model 


A xenograft transplantation model involves the transplanta- 
tion of immature testis tissue into immunodeficient mice. 
Xenografts can allow for spermatogenesis to occur and the 
sperm obtained from the graft can be used with assisted 
reproduction to potentially produce offspring. This model 
offers another means of preserving the male fertility through 
transplantation of the germ cells as well as the surround- 
ing cells that compose the microenvironment. While SCC 
transplantation is a valuable tool to study spermatogensis, it 
can be expensive to study larger animals. Additionally, SCC 
transplantation of germ cells from more phylogenetically 
distant species does not result in complete spermatogenesis, 
possibly due to incompatible microenvironments. The xeno- 
graft models allow for the study of larger animals by experi- 
mentation in smaller rodents by transferring small pieces of 
testis tissue, and thereby transferring the microenvironment 
as well [12]. Honoarammooz and colleagues first demon- 
strated that grafting immature mammalian testis tissue from 
a different donor species onto an immunodeficient mouse can 
lead to successful spermatogenesis and steroidgenesis. They 
also demonstrated that tissue previously cryopreserved could 
also be grafted and maintain the ability to undergo complete 
spermatogenesis. This has been achieved for a variety of ani- 
mals including mice [12], pigs [13], goats [6], cats [14], and 
nonhuman primates [15]. Additionally, fertile offspring can 
be obtained by using assisted reproductive technology and 
sperm obtained from the grafts [16]. 

While other mammalian xenograft studies have been 
done, models using immature human testis is limited due to 
the lack of donors. Schlatt and colleagues grafted adult tes- 
tis tissue from patients with infertility into immunodeficient 
mice and found that the adult tissue undergoes regression 
of spermatogenesis. However, when spermatogenesis was 
suppressed in the donor either through chemotherapy or hor- 
monal treatment, there was better graft survival [17]. These 
results are also reflected in studies done with mature animals 
which have also shown that testis tissue grafts from mature 
donors do not support germ cell differentiation, but rather 
show degeneration of the tubules or the grafts. The reason for 
poor survival of mature testis tissue xenografts is unknown. 
Possible theories include a lack of Sertoli cell proliferation 
in mature tissue, transient ischemia before and immediately 
after grafting, and diminished testosterone production from 
mature Leydig cells [18]. 
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In contrast to the mature testis grafting, immature human 
testis tissue grafting has been shown to allow increased germ 
cell survival. Yu et al. demonstrated that fetal testis tissue 
grafts were able to survive in immunodeficient mice for more 
than 135 days. They measured the success of their grafts by 
demonstrating increased graft weight, Sertoli cell differen- 
tiation, and germ cell migration to the basal lamina over time 
[19]. Sato et al. demonstrated spermatogenesis in xenografts 
of infant testicular tissue derived from 3-month old patients 
with testicular cancer. They showed that spermatogenesis 
progressed from the SSCs to pachytene spermatocytes. 
They also showed Sertoli and Leydig cell differentiation 
that was comparable to normal testicular development [20]. 
Goossens et al. obtained prepubertal testicular tissue from 
sickle cell patients prior to bone marrow depletion (placing 
them at increased risk for sterility) and grafted them onto 
immunodeficient mice. Wyns et al. reported xenograft sur- 
vival of tissue derived from prepubertal patients for more 
than 6 months. They demonstrated spermatogonial survival 
and production of premeiotic spermatocytes. However, they 
did not observe normal spermatogenesis with production of 
mature sperm cells [21]. Goossens et al. observed graft sur- 
vival greater than 9 months, however, only Sertoli cells and a 
few spermatogonia were observed at the end of the 9 months. 
Spermatogenesis was never observed [22]. 

While human xenograft models offer a potential means 
of preserving fertility especially for patients undergo- 
ing treatment for childhood cancers, there are a number of 
limitations to the model. Although long-term survival of 
the graft, Sertoli cell maturation, and survival of germ cells 
has been observed, complete spermatogenesis has not yet 
been demonstrated. Future studies should evaluate relative 
survival of different fragment sizes to be grafted, impact of 
cryopreservation, and the role of gonadotropin supplemen- 
tation. Further refinement of this model could also lead to 
its use for human reproductive toxicology studies. Rather 
than use healthy subjects, the xenograft model can be used to 
determine the reproductive impact of various chemicals and 
pharmacologic agents [2]. 


In Vitro Studies 


In vitro models provide another future option for male fertil- 
ity treatment by allowing the process of spermatogenesis to 
occur in a culture dish. /n vitro models provide a means of 
producing male haploid gametes through the culturing and 
differentiation of SSCs. These gametes can then be used for 
ICSI as a way to circumvent male infertility. 

Historical experiments of testicular tissue culture demon- 
strated that there was maintenance of specific architecture in 
which there was cell-to-cell communication between somatic 
and germ cells. However, these early studies did not demon- 
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strate complete spermatogenesis, rather only showed arrest 
in meiosis [23—25]. Subsequent studies have provided re- 
finements to the model and demonstrated that in vitro models 
require the presence of somatic and germ cells, incubation at 
a lower temperature compared to other cell types [26], and 
tissue should be derived from an immature donor [27]. 

A more current experimental approach involves using 
organ culture of testes fragments. This method allows for the 
maintenance of the testicular architecture, which is important 
for spermatogenesis. Sato and colleagues employed an 
organ culture technique in which they placed testis tissue 
fragments from neonatal mice on agarose gel half-soaked in 
medium lacking serum. They omitted the serum because they 
believed it may contain factors that inhibit spermatogenesis. 
Using this system, they were able to obtain sperm in 27—45 
days that was reproductively competent as determined by 
microinsemination [28]. Through the preservation of the 
cytoarchitecture in this method, the endogenous factors 
were able to be released by the seminiferous epithelium 
to help in regulating the germ cells. With a multitude of 
signaling pathways involved in the germ cell differentiation 
process, researchers have also concentrated their efforts on 
identifying specific substances that may be associated with 
the differentiation pathway. 

Newer culturing techniques have been developed that 
utilize a three-dimensional (3D) matrix of soft agar or meth- 
ylcellulose in which germ and somatic cells are embedded. 
This system is based on the assumption that somatic cells pro- 
vide both physical and paracrine support that enables germ 
cells to enter meiosis. This method employed by Stukenborg 
et al. was meant to reconstitute the 3D microenvironment of 
the seminiferous epithelium and allow for the maintenance 
of cell-to-cell contacts and signaling mechanisms necessary 
for germ cell differentiation [29]. Using this model, they 
were able to demonstrate the maturation of germ cells into 
normal spermatozoa. This 3D technique has not yet been at- 
tempted using human testicular tissue. 

While there has been success in animal research, human 
studies are still needed. Coculturing techniques may be prom- 
ising with regards to maturation of spermatocytes in humans. 
Cremades and colleagues have used a coculture system in 
which they were able to demonstrate in vitro maturation of 
round spermatids derived from azoospermic men to mature 
sperm when cocultured with Vero cells [30]. Vero cells are an 
immortalized kidney epithelial cell line from the green mon- 
key and are embryological similar to the genital epithelial 
cells. They function by removing toxic compounds from the 
medium and provide important growth factors. Using simi- 
lar techniques, Tanaka et al. obtained primary spermatocytes 
from azoospermic men and cocultured them with Vero cells. 
They demonstrated that the primary spermatocytes could 
mature into round spermatids, and confirmed their haploid 
status using Giemsa staining [31]. While coculture tech- 
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niques with Vero cells may be promising, in order to apply 
them to a clinical setting, care must be taken with regards 
to infection transmission and tumorogenesis associated with 
Vero cell use. 

In vitro models offer the capability of reproducing the 
biological processes occurring within the testes. In order to 
successfully do this, researchers are trying to imitate the in 
vivo processes. The hope is that this technology will eventu- 
ally be able to reverse cases of incomplete spermatogenesis 
by producing gametes in vitro using culture techniques. 


Pluripotent Stem Cells to Germ Cells /n Vitro 


Pluripotent stem cells as well as embryonic stem cells (ES 
cells) have the capability of self-renewal and differentiation. 
Differentiation of these stem cells into germ cells offers the 
possibility of generating sperm from pluripotent cells in vitro. 
This is essentially done by providing the ES cells with an en- 
vironment (containing differentiating factors) within which 
they can differentiate in vitro. Of the multiple cell lineages 
produced by differentiation, germ cells can be specifically 
selected using germ cell specific cell surface markers and 
genetic profiles. 

This methodology has been employed using mouse 
ES cells. Geijesen et al. were able to use this property to 
obtain primordial germ cells (PGCs) from mouse ES cells in 
culture. These germ cells were able to differentiate into gam- 
etes and using ICSI they demonstrated that these gametes 
were able to form embryos that reached the blastocyst stage 
[32]. Other groups took this idea further and generated male 
gametes from mouse ES cells in vitro. Using ICSI, these 
gametes were used to fertilize mouse oocytes to generate live 
offspring [33]. However, the efficiency of offspring produc- 
tion was low (7 out of 65 embryos) and many of the mice 
generated died prematurely. 

While studies in mice have shown that PGCs can be 
obtained from mouse ES cells and can undergo further 
differentiation to produce mature gametes, studies in hu- 
mans are not as advanced. There have been several recent 
developments in humans with regards to in vitro gamete 
development from ES cells. Tilgner and colleagues devel- 
oped a protocol to differentiate two human ES cells lines into 
PGCs [34]. In addition to PGC production, Alfatoonian and 
colleagues were the first to produce postmeiotic spermatid 
cells in vitro [35]. Currently, the generation of mature sperm 
has not been demonstrated in vitro using human ES cells. 
While ES cells may offer a promising avenue for germ cell 
generation, ES cells are obtained from human embryo tissue 
and aborted fetus, making their use controversial. 

Since much controversy and ethical issues surround the 
use of human ES cells, induced pluripotent stem cells have 
been developed from somatic cells through activation of spe- 
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cific genes [36]. Just like human ES cells, human induced 
pluripotent stem cells ((PSCs) have been used to produce not 
only PGCs, but haploid-like cells as well [37]. While iPSCs 
may provide a means to continue advancement while avoid- 
ing controversy, iPSC production may be associated with 
genetic instability [2]. High-resolution single-nucleotide 
polymorphism (SNP) analysis was performed on pluripotent 
samples and an increased frequency of copy number varia- 
tions and mutations [38]. The results imply that there is a 
genetic instability in iPSCs and therefore their clinical use 
is limited until the implications of the instability can be 
deduced. 


Male Infertility—Potential for Stem Cell 
Therapy 


A substantial limitation of the application of stem cell 
therapy to male infertility is the likely genetic basis for most 
causes of severe spermatogenic dysfunction in the human. 
Where spermatogenic disruption is caused by a genetic 
factor, simply placing germ cells back into the genetically 
deficient host may not restore spermatogenesis, as the host 
is unable to efficiently support sperm development. In these 
cases, both stem cell therapy and management of the genetic 
defect may be needed. 


Genetics and Gene Therapy in Male Infertility 


Advances in stem cell therapy can help men with spermato- 
genic failure, especially those undergoing chemotherapy or 
radiation therapy. However, there is a predominant subset of 
men in whom genetic defects are responsible for infertility 
[39]. Gene therapy can be useful in these particular instances 
because it allows for the delivery of the missing genetic fac- 
tors that are necessary for sperm production. Gene therapy 
is the introduction of a gene encoding a missing or mutated 
protein that is missing in a diseased cell. These genes could 
be introduced into the sperm or testes through the use of viral 
or nonviral vectors. 


Gene Therapy Using Nonviral Vectors 


Numerous methods utilizing nonviral vectors have been 
employed to introduce transgenes into sperm and testis. 
Nonviral vectors are advantageous in that they are cheap, 
have no DNA size limitations, and have a good safety profile 
[40]. However, expression of genes is short term and trans- 
fection efficiency is often low. 

Sperm-mediated gene transfer (SMGT) emerged as 
means of generating transgenic animals through in vitro 
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methods. SMGT is an in vitro method in which foreign 
DNA is introduced into sperm, which can then be used to 
fertilize an oocyte to create transgenic offspring. It has been 
demonstrated that sperm can spontaneously take up exog- 
enous DNA through specific DNA binding and internaliza- 
tion [41]. Numerous studies have successful demonstrated 
the ability of sperm to take up exogenous DNA in a variety 
of species including mouse [42], chicken [43], pig [44], and 
the zebrafish [45]. Several studies have sought to improve 
the efficiency of gene transfer through the use of liposomes 
[46] and electroporation. Such methods have been used to 
successfully introduce transgenes into spermatozoa and fer- 
tilize oocytes with detection of the transgene in the offspring 
[47]. SMGT, however, is still not a reliable method for gene 
transfer because of its variability in transfer efficiency and 
gene expression. 

Transgenes can also be introduced into testes by direct 
introduction of foreign DNA into the testes, a process known 
as testis-mediated gene transfer (TMGT). This is an in vivo 
method that allows for mass transfer of genes into the testes 
and subsequent natural mating. Similar to SMGT, various 
strategies of introduction have been explored. Mouse testis 
injected with plasmids encapsulated in liposomes resulted in 
transfer of DNA into testicular spermatozoa and subsequent 
detection of the transgenes in the offspring generated from 
mating with treated males [48]. /n vivo electroporation is an- 
other technique that involves injecting a DNA construct into 
the testes with application of electric pulses that permeates 
cell membranes and allow DNA to enter the cells. Using in 
vivo electroporation, groups have demonstrated the ability 
to express transgenes in mature epididymal sperm in mice 
[49] and hamsters [50]. They also demonstrated that the use 
of electroporation in vivo does not lead to adverse effects on 
testicular integrity and sperm quality [49]. However, the ex- 
pression of these transgenes is typically transient and may last 
as long as 60 days. Additionally, only 5—10% of sperm were 
found to carry the transgene indicating a low transfer rate [50]. 

Several groups were able to apply these techniques to 
assess the role of nonviral vector-based gene therapy in res- 
cuing infertility. For example, Yomogida and colleagues were 
able to rescue spermatogenesis in mutant mice, that were 
rendered infertile by an alteration in stem cell factor in Sertoli 
cells, using gene transfer via electroporation [51]. Dobashi 
and colleagues used electroporation to introduce an erythro- 
poietin gene into rat testes and found that it helped to reduce 
the risk of germ cell loss caused by cryptorchidism [52]. 

As previously mentioned, while there are a number of 
advantages to using nonviral vectors, the technique is not 
well controlled and lacks precision. Although the technique 
has utility in the production of transgenic animals, it is not 
currently appropriate for clinical applications. 
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Viral Vectors for Gene Therapy 


Viral vectors offer a means of transfecting testicular cells in 
vivo and in vitro. They are more efficient in terms of transfec- 
tion compared to nonviral vectors; however, they are limited 
by the size of DNA that can be inserted and immunogenicity 
of the vectors. 

There are several types of viral vectors. Adenoviral 
vectors are most commonly used. They are able to infect 
dividing and differentiated cells and tend not to integrate 
into the host genome [40]. Using adenovirus vectors, trans- 
genes were transferred to animal testes in vivo. When the 
viral vector was injected intratesticularly, expression of the 
transgene was strongest in the Leydig cells. Conversely, 
when the viral vector was injected intratubularly, the stron- 
gest expression was detected in Sertoli cells [53, 54]. No 
transgene expression was detected in germ cells using either 
of the injection methods [55]. Therefore, the transgene was 
not detected in offspring, suggesting germline transmission 
is very low. 

Additional viral vectors include retroviral and lentiviral 
vectors. Retroviral vector is an established tool for gene 
transfer. Retroviruses only infect dividing cells and integrate 
transgenes into the genome [47]. Retroviral vectors were 
found to introduce transgenes into the germ line and sper- 
matogonia in vitro [56] and in vivo [57]. Lentiviral vector 
use in basic science research has been increasing due to its 
capacity to efficiently transduce cells with long-term gene 
expression using large-sized DNA [40]. They can infect both 
dividing and nondividing cells. 

Researchers have used viral vector-based gene therapy 
techniques in animals to study many diseases, including 
male infertility. Ikawa et al. demonstrated that mice Sertoli 
cells lacking expression of a transmembrane type c-kit ligand 
(involved in spermatogenesis) were able to achieve restora- 
tion of spermatogenesis using a lentiviral vector to transduce 
Sertoli cells [58]. The sperm generated was collected and 
able to generate offspring using ICSI. Additionally, none of 
the offspring carried the transgene which demonstrated that 
lentiviral vectors do not carry the risk of germline transmis- 
sion, although other studies have shown transgene expression 
in the germ line when using lentivirus [59]. Using adeno- 
viral-mediated gene transfer of hepatocyte growth factor 
(HGF) gene into the testis of cryptorchidism rats, HGF 
overexpression was induced in seminiferous epithelial cells 
and interstitial cells. This resulted in a decreased germ 
cell apoptosis and restoration of spermatogenesis [60]. An 
adenovirus with the HST-1/FGF-4 gene, previously shown 
to be important for spermatogenesis [61], was introduced 
into mouse testis. Its expression helped to ameliorate testic- 
ular toxicity induced using Adriamycin, an anticancer drug 
[62]. 
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Future of Gene Therapy Techniques 
and the Treatment of Male Infertility 


Spermatogenesis is a complex process involving differentia- 
tion of cells that occurs in a complicated microenvironment. 
Gene expression plays a significant role in the regulation 
of spermatogenic mechanisms. A potential cause of UMI 
may be gene defects. Therefore, understanding the genes 
involved in this process will aid in the developing treatment 
strategies for male infertility. Knockout mice studies have 
been invaluable in determining male fertility-associated 
genes [63]. 

While there is still no report regarding a clinical appli- 
cation of gene transfer to testes in humans, gene therapy 
techniques are continuing to advance and offer the poten- 
tial for future clinical use. However, the administration of 
gene therapy on human germ cell line is prohibited. The 
prohibition is largely due to the potential adverse effects 
in subsequent generations as well as the ethical concerns 
associated with the therapy. Additionally, there are still 
significant risks associated with gene transfer, including 
toxicity and oncogenicity. While there are still ethical and 
technical barriers that must be overcome, gene therapy still 
offers an exciting tool to combat male infertility. 

Since germ cell targeting is ethically questionable, target- 
ing of Sertoli and Leydig cells is a potential future clinical 
application for treating male infertility using gene therapy 
techniques. Sertoli and Leydig cells are both important for 
spermatogenesis, and therefore are potential targets for 
transgene introduction. Since Sertoli and Leydig cell func- 
tion is important for spermatogenesis, their dysfunction can 
lead to infertility. Rescue of their function by way of gene 
transfer is a potential future therapeutic option. There are a 
number of possible genes that are important for Sertoli cell 
function. Abnormalities in the maturation of Sertoli cells 
may lead to testicular dysfunction. Therefore, understanding 
expression patterns of genes that signify Sertoli cell maturity 
such as anti-Mullerian hormone, vimentin, aromatase, and 
inhibin alpha my provided a basis for gene therapy-based 
interventions [40]. Dysfunction of transcriptional regulation 
due to defective transcription factors (such as CREB, Sox3, 
PEM, and DAX1) may result in male infertility [40]. Leydig 
cells are also a potential gene therapy. Their dysfunction can 
lead to infertility, which is believed to be one of the mecha- 
nisms of infertility in Kleinfelter (47XXY) syndrome [40, 
64]. Marker genes expressed involved in spermatogenesis 
that are expressed by Leydig cells have been identified [40, 
65]. Additional information about these genes involved in 
Sertoli and Leydig cell function may make it more feasible 
to approach clinical treatment using gene therapy techniques 
in the future. 
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Conclusion 


There has been significant advancement in therapeutic tech- 
nology for the treatment of UMI. The in vivo animal studies 
offer hope of restoring spermatogenesis in germ cell defi- 
cient mice. While SCC transplantation and xenograft mod- 
els have successfully restored spermatogenesis in animals, 
their remains limitations in humans. SCC transplantation is 
still not safe for human use. Xenograft models have yet to 
demonstrate complete spermatogenesis in humans. Much 
progress has been made with in vitro techniques in terms of 
replicating the testis microenvironment in rodents. However, 
more human studies are still needed. While the use of ES 
cells is interesting, there is significant ethical controversy 
that prevents its advancement. Induced pluripotent stem cells 
offer ameans of circumventing the ethical concerns; however, 
their genetic stability is questionable and more work needs to 
be done to assess their safety. Gene therapy technology has 
become more sophisticated and offers a means of correcting 
infertility at the level of a single gene. However, both the 
risks and ethical concerns regarding the possibility of germ- 
line introduction of transgenes require additional studies to 
determine the clinical feasibility of this technique. Despite 
several developments, translational safety is required before 
any of these methods can be applied clinically. 
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